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To my mother and father 
Tiger got to hunt, 
Bird got to fly; 
Man got to sit and wonder, "Why, Why, Why? " 
Tiger got to sleep, 
Bird got to land; 
Man got to tell himself he understand. 
The Books of Bokonon, 
Cats Cradle, Kurt Vonnegut. 
ABSTRACT 
The optical and high pressure properties of low dimensional 
semiconductors are investigated using diamond anvil cell (DAC), 
photoluminescence (PL) and transmission techniques. DAC 
experimental procedures have been developed as a result of this 
work and are given in detail. 
There are three kinds of low dimensional semiconductor; natural, 
compositional and doping, all of which are studied in this thesis. 
Of these the compositional has been of most interest in recent 
years for device applications such as quantum well lasers. With 
high pressure techniques becoming increasingly more important to 
our understanding and the future design of layered structures a 
knowledge of the relative bulk moduli of different layer types is 
essential. For the III-V compound alloys such data is 
undetermined and one must rely on empirical or interpolated values 
based on the binary compounds; which are at best accurate to only 
a few percent. Theoretical calculations however have shown that 
for heterostructures, such as epi layers, the effects arising from 
differences in bulk moduli under pressure may be used to determine 
their relative values: PL from GaInAsP and GaInAs epitaxial layers 
on and off their lattice matched InP substrates have been 
measured in the DAC to determine differences in their relative 
bulk modul i. Results indicate that neither empirical or 
interpolated values are correct and that they must be 
experimentally determined. Pressure coefficients of these layers 
are also reported and suggestions for higher accuracy strain 
measurements presented. 
Doping superlattices grown for the first time in GaInAsP and InP 
-i- 
by liquid phase epitaxy (LPE) are examined using PL. Results show 
good superlattice behaviour and put an upper limit on layer 
thickness at about 300nm for doping levels in the xIO 
18 cm -3 range. 
High pressure studies have not yet been attempted on these samples 
due to the sensitive nature of their bandgaps to excitation 
intensity. 
A relatively simple technique for transmission measurements in the 
DAC has been developed and initially used to determine the 
pressure coefficients of the naturally layered A 
III B III C vi 
2 
compounds, TlGaS 2. 
TlGaSe 
2 and 
TlInS 
2 up 
to about 100kbar. Results 
show a series of bandgap discontinuities which may be the result 
of phase transitions. 
Much of the experience learnt from earlier work has culminated in 
the measurement of a GaAs/GaAlAs multiple quantum well (MQW) 
structure using PL under pressure at room and low temperature. 2K 
results in this sample give a preliminary value of 33.5% ±2.7% and 
-0.61meV kbar-1 for the valence band offset and its pressure 
derivative. 
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CHAPTER 1 
1. Introduction 
High pressure is an exciting and important technique in the field 
of solid state research. It enables us to turn the lattice 
constant of materials into a variable much cleaner in its effect 
than temperature. Its use in the past however has been mainly 
restricted to specialist laboratories, as a result of the safety 
and engineering problems of many high pressure systems. With the 
development of the the diamond anvil cell (DAC) much of this has 
and still is changing. 
In the course of these studies high pressure has for the first 
time been installed in a semiconductor photoluminescence 
laboratory and used in the investigation of low dimensional 
semiconductors. Much of the work reported here reflects the 
exploration of DAC techniques. 
The study of these layers using optical methods at ambient and 
high pressure has not only resulted in the observation of reduced 
size effects, such as quantisation and charge separation, but has 
also enabled measurement of relative bulk moduli for the 
previously undetermined Ga 
x 
In 
I-x 
As 
YP 1-Y 
alloy system. Such 
information is important for the design of new structures and 
devices and also in the interpretation of other high pressure 
work. 
Most of the solids studied were III-V binaries and their lattice 
matched alloys. These crystals have the zinc blende structure 
which may be considered as two face-centred cubic structures 
1 
displaced from each other by one quarter of a body diagonal. Each 
atom has four nearest neighbours d0 away (where d0= (V3)14 of the 
lattice constant a0). The tetrahedral nature of the crystal 
coordination and stability is due to the diamond like (SP3 
bonding, each atom possessing on average four bonding electrons. 
Most natural layered compounds have stronger shorter covalent bond 
types in the xy plane with weaker non covalent bonding between 
layers. For the A III B III C VI crystals examined in chapter 3 the 2 
situation is somewhat more complex since there are fewer than 
four bonding electrons per atom and the structure is stabilised 
by a combination of covalent and partly metallic bonding. 
Descriptions of this system are left to chapter 3; it only 
remains here to point out the anisotropy in these compounds that 
results from their low dimensionality produces effects which are 
created in the III-V system using special growth methods. 
1.1 High pressure and optical spectroscopy 
Information obtained from optical spectroscopy of III-V compounds 
at ambient and high pressure can be understood from FIG1 -1- In 
this diagram electron energy near band minima is plotted against 
wavevector, k, for a typical III-V semiconductor (in this case 
GaAs). Curvature of these bands depends on their effective mass, 
as can be seen f rom the degenerate valence band heavy hole (hh) 
and light hole bands (1h). There are three principal minima in 
the conduction band, labeled r, X and L corresponding to symmetry 
points in the first Brillouin zone of the crystal (see for 
example Phillips 1973). Optical data gives information about the 
2 
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(001) 
Fig 1.1 Schematic diagram of the band minima for a typical III-V 
semiconductor. The minima are labeled with their characters and their 
pressure coefficients in meV kbar-1. The heavy hole (hh) and light hole 
(1h) bands are marked 
3 
energies of these minima with respect to the valence band maxima 
at r. Their energies depend on the particular semiconductor. In 
FIG1.2. energy gaps and lattice constant along with alloying 
lines are shown for the III-V's, only GaP, AlAs and AlSb possess 
indirect bandgap minima (X minima) and as a result these 
compounds have less efficient optical transitions. 
Hydrostatic pressure does not alter the symmetry of zinc blende 
structure but moves the relative positions of the r, X and L 
minima with respect to the valence band at different rates 
(r: -+10 meV kbar-1 ; X: --2 meV kbar-1 and L: z+5 meV kbar-1). From 
fig. 1.2 it is therefore clear that pressure has an effect similar 
to alloying on the binary compounds. As an example a pressure of 
41.5 kbar is required to drive GaAs from a direct to indirect 
semiconductor like AlAs and this cross over is accompanied by a 
dramatic and observable decrease in recombination efficiency. 
Photoluminescence (PL) is a well established characterisation 
technique for semiconductors. Optical excitation above the band 
gap of the material is used to create electron-hole pairs. These 
lose their excess energy quickly (_10-12 seconds) through 
thermalisation processes in the crystal to recombine across the 
minimum energy gap possible. The fast initial relaxation and 
thermalisation of carriers within the energy bands restricts these 
recombinations to a narrow energy range of a few kBT width, 
despite the increasing density of state and consequent increase in 
absorption strength above the band gap. The spectral shape of band 
to band luminescence is therefore dependant on the absorption 
coefficient and a Boltzman factor exp(-hv/k B 
T). Lower energy 
transitions favourable to PL may arise from excitonic and impurity 
4 
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Fig. 1.2. Plot of the energy gaps at 4.2 K versus lattice constants for 
the III-V semiconductors. Joining lines represent ternary alloys and are 
broken to indicate any indirect nature. The effect of 100 kbars of pressure 
on lattice spacings and direct energy gaps is shown. 
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states close to the band edges and alter the observed lineshape of 
optical transitions. Free exciton binding energies are however 
only a few meV in bulk III-V crystals and are therefore observed 
at helium temperatures only (for a full discussion of exciton and 
impurity transitions see for example Pankove 1971 or Queisser 
1974). In conclusion linewidth, shape and intensity deviations in 
PL spectra give qualitative information into crystal purity, band 
structure and recombination paths along with alloy disorder and 
interface roughness in quantum well structures. 
1.2 Synthetic modulated structures 
In 1969 Esaki and Tsu proposed two types of synthesised 
superlattices, doping and compositional. Structures of ultrathin 
layers (less than the electron mean free path) introduce a new 
periodicity to the bulk crystal in the growth (z) direction. This 
new periodicity divides the Brillouin zone into a series of mini 
zones and gives rise to narrow subbands. The degree of 
perturbation depends on the amplitude and periodicity of the 
superlattice and will be discussed in chapters 5 and 6. 
6 
CHAPTER 2 
Experimental 
2.1 Introduction 
The experimental details described here deal mainly with 
preparation and procedures necessary for high pressure optical 
investigations of semiconductors. Specialised techniques are 
described allowing the optical perturbation effects of pressure to 
be measured by standard PL and transmission methods. 
2.2.1 The Diamond Anvil Cell (DAC) principle 
The basic principle of the DAC is very simple and is shown in 
FIG. 2. la. A drilled metal gasket is compressed between the small 
flat faces of two opposing cut diamonds generating a large stress 
across the gasket and gasket hole. This hole contains the sample 
and is filled with a pressure transmitting media to ensure that 
the stress around it is close to hydrostatic. The large aspect 
ratio of the gasket (thickness to width) means that it is able to 
withstand pressures over ten times greater than high pressure 
cylinder apparatus (see for example Spain (1977). This effect was 
pioneered by Bridgman (1941) in his anvil cells, but not used in 
the DAC until 1965 (Van Valkenburg). The anvil f lats must be 
kept accurately centred and parallel to each other when under load 
since diamond is strong in compression in certain directions but 
weak under tension or shear in others. Provided the thrust 
7 
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Fig. 2.1a 
shown. 
Fig. 2.1 b 
size d shown. 
b. 
Pressure media 
eta! gasket 
Sampie and 
pressure gauge 
Id 
Principle of the diamond anvil cell. Diamond table size D is 
Top view of a Drukker Dubbledee cut diamond with culet 
8 
generating mechanism is accurate and the diamond support 
sufficiently hardened then maximum obtainable pressure is limited 
only by culet size (d). Dunstan (1989) suggests the relation: 
p 
max 
(kbar) = 
125 
)2 
(2.1) 
(d (mm) 
2.2.2 DAC components and construction 
The diamond pairs used in our cells were -- 1/3 carat Type II's 
selected for low fluorescence and cut to the Drukker Dubbledee 
design, Seal (1984), FIG. 2.1b. As optical windows these have a 
transmission range from about .4 to 4 eV and are ideal for 
semiconductor studies. Physically the Drukker cut has advantages 
over earlier designs of the same weight, its increased table area 
and anvil angle gives greater support and allows higher pressures 
to be reached safely. A table size of -- 3mm supporting a culet 
7501im across allows pressures up to 150kbar (about . 7P max 
f rom 
equation 2.1) to be generated and maintained under normal 
operating conditions. 
Many different DAC designs exist, see Jayaraman (1983) and Dunstan 
(1989); most differing only in their mechanisms for force 
generation and alignment. Piston cylinder arrangements are common, 
one diamond being f ixed with the other on a movable piston. 
FIG. 2.2a and b show schematically the design differences between 
cells used in these studies. Fig. 2.2a is typical of designs 
reported in earlier reviews in which load is applied through the 
alignment mechanism and requires the use of large adjustment 
screws to maintain this alignment. In the design shown in 
fig. 2.2b load is applied directly to the diamonds and not through 
9 
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X-Y 
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Fixed Base. 
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co 
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Alignment Cýl I 
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L. b. 
Fig. 2.2 Schematic diagrams of the essential components of a DAC, 
showing the two alternative designs. In a. the load is applied through 
the alignment mechanism whilst in b- the tilt alignment is not under load. 
10 
the tilt adjustment mechanism. 
Three different cell designs were used in the experimental work 
reported, for historical reasons only. All were piston cylinder 
arrangements differing in size due to the reasons outlined above 
and as a result their application. All are described in detail 
elsewhere, Kobayashi (1985), Yu (1979) and Dunstan (1988), and are 
shown in cross section in FIG. 2.3a-c. I give only a brief 
description: 
(a) Kobayashi (1985). This cell was designed for low temperature 
work, the force being applied using helium bellows. Tilt 
adjustment (parallelism) is carried out on the lower diamond using 
three sets of opposing screws, whilst axial alignment is made to 
the piston diamond. It is of the type shown in Fig2.2a and as a 
result is too large to f it into cryostats in our laboratory. The 
helium bellows assembly (labelled 13) was therefore replaced with 
belleville washers and load applied directly by the retaining 
grand nut (14). Room temperature luminescence and transmission 
studies were carried out in this cell. 
(b) Yu (1979). This cell differs from that of Kobayashis' only in 
its use of a hemispherical rocker to adjust parallelism of the 
diamonds and force generation by screw alone. Room temperature 
luminescence studies were carried out in this cell. 
(c) Dunstan (1988). This cell is a BeCu miniaturised piston 
cylinder design of the type shown in fig. 2.2b. The Bowden cable 
principle is used to transmit the force generated by a hydraulic 
ram down the cryostat, allowing pressure changes at low 
temperature to be carried out and easy loading of rare gas media. 
Its small size (19mm outside diameter) means it can be used in any 
11 
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Cross-sectional drawing of the diamond-anN-11 high-pressure cell, (I I 
diamond anvils, (2) fixed anvil mounting plate, (3i moving an-0 mounting 
plate, (4) tilting screw (three used), (5) fixing screw i, three used), (6ý fixed 
grand nut, (7) translating screw (four used), (8) key, (9) view pon (fouT 
places), (IO)cell body, (11) piston, (12)needle bear-ing, (13)bellowN ass-, mblN, 
ý14ý retaining grand nut. (15) caplllar-ý, (16) support plate and tube 
20mm 
2 
B- 
Section C-C 
fo 
Section A-A 
The miniature cryogenic diamond anvil cell. The principal compo- 
nents marked on the vertical section C-C are (I) top plate, (2) piston, (3) 
body, (4) anvil plate, and (5) bottom plate. The holes marked in the bottom 
projection are for (a) the tension wires, (b) the clamp bolts, (c) the stand- 
off screws, and (d) the securing screws. The holes marked in the transverse 
sections are for (e) the X- Yadjustment and anvil plate securing screws and 
(f) the piston guide screw. 
The three different DAC designs used in experimental work 
(see text); a. Kobayashi (1985), b. Yu (1979) and c. Dunstan (1988). 
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f low or bath cryostat with only minor alterations, making it the 
most versatile of the designs used. 
Techniques described in the following sections are for the cell 
type (c), but procedures, with the exception of argon loading, are 
similar for all cells. 
2.2.3 Diamond mounting and alignment 
Alignment of a cell is essential to its successful operation and 
should always be checked before use. When assembling a new cell, 
and sometimes after repeated cryogenic runs on an older cell, it 
is necessary to mount or remount the diamonds in place. This also 
serves to preserve alignment at later stages. 
The backing plate and piston (labelled 2 and 4 in fig. 2.3c) should 
be as close to optical flat as possible by machining and 
polishing, in the case of an old cell it is essential to check 
this as an indent may have been made by a diamond on a previous 
pressure run. They should then be thoroughly cleaned along with 
the diamonds to remove any traces of glue, grease or dirt. The 
Diamonds are then orientated over their optical access holes so 
that culet edges closely match during normal operation. This can 
be done by eye but the use of a monocular microscope and purpose 
built jig, to give accurate X-Y movement, proves to be the most 
efficient method. A drop of cyano-acrylate glue placed at the 
edge of the diamonds flows easily under by capillary action and 
secures them in place as well as smoothing out any irregularities 
between surfaces. Araldite is placed around the diamonds for 
extra strength, or where space allows a metal fixing ring 
13 
provides a more permanent mounting. Height adjustment of the 
backing tilt plate (5) is carried out using three sets of 
opposing stand off screws (marked c and a in fig. 2.3c) and is set 
initially using feeler gauges. The X-Y anvil plate (4) is then 
inserted and adjusted until close to centre using the three 
screws marked e. 
To carry out fine adjustment the piston is inserted into the bore 
and guided with screw f. The side viewing holes make it possible 
to adjust the X-Y alignment under the microscope until the culet 
faces match closely, and by varying the illumination the system 
can be observed from above to check this. In this position sets of 
repeating colour fringes should also be visible. The spacing and 
location of these shows how close to parallel the diamond faces 
are and allows corrections to be made; fringes generate from the 
area of contact and between one and three sets across the 
whole surface is suitable for operation. Rocking the the piston 
shows how good the piston cylinder f it is and should not exceed 
three to four fringes in a working cell. Gasket preparation is 
described in the next section but an essential part of alignment 
involves checking under increasing indentation load. This is 
carried out until full working load is reached, typically 1400lbs 
(hydraulic gauge reading) for 750pm diamonds. Drilling such a 
gasket gives a final check on X-Y alignment for the cell. 
2.2.4 Gasket preparation 
Preindentation is always used since this gives rise to massive 
support around the diamond. 500wm thick stainless steel blanks are 
14 
prepared and drilled to allow location over the piston guide pins. 
Indentation is carried out in increasing steps, reducing load 
between these to relieve stress on the diamonds. A load versus 
thickness curve for 750pm culets is shown in FIG. 2.4. and 
thicknesses of between 60pm and 10OAm are used. 
The sample chamber typically 250-300pm diameter is produced using 
engineers twist drills in a small drilling machine fitted with an 
x-y mount and microscope. The hole should be as central as 
possible, although good cell alignment reduces the importance of 
this. A mirror placed at 45 degrees to the microscope viewing 
direction (FIG. 2.5) allows accurate placement of the hole. Any 
excess burr should be removed using a larger drill size, and the 
gasket cleaned thoroughly to remove traces of grease, dirt and 
metal. 
2.2.5 Sample preparation and handling 
The small dimensions of the sample chamber means that material 
must be prepared to a suitable size, typically 30fLm or less in 
thickness and where two samples are to be loaded -- 50xlOOIIM in 
shape. Thinning can be carried out using three different methods; 
grinding, etching and cleaving, and depends on the sample type 
and experiment to be undertaken. As grown material is usually ý: 
300pm thick and cm 
2, 
s in area and requires cleaving to -- 3x5mm 
pieces for thinning. In III V samples this is done by scribing 
the material edges and breaking along the natural cleave planes 
(100). Such size pieces can be handled by tweezers. 
When possible PL of samples is carried out before and after 
15 
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Fig. 2.4 Gasket thickness versus applied load (f rom hydraulic gauge ) 
for 750 gm culet size diamonds starting from a 500 gm stainless steelshect. 
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Fig. 2.5 Gasket mounted on an x-y stage for drilling. The eye is 
sensitive to perpendicular movements from the viewing direction but 
insensitive to depth. Placing a mirror at 450gives a virtual image close to 
900away from that of the real gasket and allows accurate hole placement. 
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thinning to ensure no damage has occurred. Thinning techniques 
for various compounds and structures are outlined below. 
Layered A III B III C vi compounds 2 
These are best thinned by making use of the naturally weak 
bonding that exists between planes. Samples are attached to 
sellotape and layers peeled off using a razor blade, the 
operation being repeated until suitable thicknesses are obtained. 
The wax like quality of these compounds means that they also 
cleave easily to the required dimensions for loading 
perpendicular to the layers. 
III-V compounds and quantum wells 
These are quite soft and are easily thinned by grinding with the 
aid of a special jig machined with a 30pm groove on its 
surface, FIG. 2.6a Most active layer sides are clearly determined 
by their bright shiny finish, but identification by PL is advised 
in cases where it is not obvious, (ie polished substrates). For 
thinning, samples should be cleaned in acetone and 
trichloroethylene before being placed, active face down, in the 
jig. Thermo setting wax, cyano-acrylate or a similar glue can 
then be used to hold them in place. The grinding process is 
carried out with a soap water lubricant on diamond lapping film 
(3-151. Lm particle size) with a circular rubbing movement, until 
the sample is flush with the jig. Solvents are then used to 
remove and clean the thinned material. 
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Fig. 2.6 Sample preparation and handling tools, a. a jig for grinding 
samples to 30 jLrn , and b. a typical handling tool. 
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Epitaxial layer samples 
It is sometimes necessary to remove epilayers from their 
substrate for loading into the DAC. These layers are -: 551im and may 
only be prepared when a suitable selective etch is available to 
remove substrate material but leave the epilayer untouched, see 
Mass (1987). Initial thinning of samples by grinding to 30pm 
reduces the etch time required and samples may be etched whilst 
still mounted to the thinning jig. 
For Ga 
x 
In 
I-x 
As 
YP 1-Y 
on InP system 32% HC1 has an etch rate 
hundreds of times faster on InP than on the alloy, dependent on 
its y value. The required etch time should be estimated from test 
samples and the final etching process carried out with frequent 
observation of the washed sample under a microscope. The bright 
mirror like surface of the epilayer when reached contrasts the 
rougher dull grey of the substrate. 
Ruby 
The use of ruby as a pressure calibrant is discussed in 2.4 - It 
is best prepared by grinding since its well defined dimensions 
and rough faces in this form allow it to be easily identified, 
unlike traditional ruby chips prepared by crushing. This method 
also avoids possible squeezing of the ruby once loaded in the DAC 
by the diamond faces. 
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In these thin forms all samples should be handled with special 
tools such as the one shown in f ig. 6b. This is af ine wire 
secured in a tubular handle large enough to rotate between the 
fingers. The wire is malleable to avoid flicking samples and two 
such tools replace the hands under the microscope. Tools are kept 
constantly clean with acetone and pick up the samples by 
electrostatic attraction 
To obtain the correct dimensions for loading into the DAC samples 
are placed on a glass cover slide in a drop of alcohol or water 
and cleaved under the microscope using a razor blade. Surface 
tension of the liquid prevents loss of the samples. Asymmetric 
shapes help identification of the PL active side at later stages. 
2.2.6 Loading Procedure 
Cleaved samples are transferred carefully from the cover slide to 
diamond culet using the wire tools or a needle. They are then 
pushed around to position them coincident to the gasket hole (the 
microscope graticule helps in this situation). With the piston 
held firmly by tweezers or in a prepared jig the gasket is 
lowered over the guide pins onto the culet. This procedure is 
viewed under the microscope with back illumination, to ensure 
correct positioning around the samples. It is possible to drop 
samples into the hole after placing the gasket onto the diamond, 
but this method is less controllable. For low temperature work 
the piston should be kept clean and dusted with MOS 2 
before 
assembly. 
Various liquids and solids have been investigated for use as 
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pressure transmitting media, Piermarini (1973) found that a 
liquid mixture of 4: 1 methanol: ethanol remains hydrostatic to 
100kbar at room temperature. Used at low temperature however this 
mixture gives rise to unwanted uniaxial effects and rare gas 
media must be used instead, Bell (1982) and Liebenberg (1979). 
Argon is probably the easiest pressure medium to use for loading 
the DAC. The cell is assembled with the diamonds seated only 
lightly onto the gasket. FIG. 2.7 shows a variable pressure DAC 
system in its cryostat, fig. 2.7a and fig. 2.7b in its argon 
loading tube. The cell and drive mechanism are placed in the tube 
and the system pumped out to remove the air, argon is then 
introduced with an over pressure of 3-6bar to help condensation. 
The tube is then dipped in liquid nitrogen until condensation 
ceases (pressure in the. tube decreases slowly on closing the 
inlet valve, or the temperature remains constant below the 
boiling point of argon (87.3K) for ten minutes or more). At this 
point the cell is surrounded by argon and a load of 600psi on the 
hydraulic gauge is applied to close the cell. The tube is then 
warmed and vented. 
Observation of the gasket hole may give an indication of whether 
a successful load has been carried out, but pressure can only be 
measured using PL. 
2.3 Photoluminescence (PL) apparatus and operation 
A schematic diagram of the apparatus used for PL is shown 
in 
FIG. 2.8. An argon ion laser emitting at 514.5nm provides the 
optical excitation source. The beam is filtered to remove sharp 
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Fig. 2.7 Variable pressure DAC system a- in its cryostat b. in its 
corresponding argon-loading tube (standard plumbing part numbers are 
shown). 
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Fig. 2.8. Schematic diagram of the experimental apparatus used for 
photo luminescence. 
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plasma lines and focused onto the sample held in an Oxford 
Instruments CF1224 flow cryostat. Luminescence is collected by a 
1m spectrometer, whilst scattered laser light and second order 
effects from shorter wavelengths are eliminated by suitable high 
pass filters. The detector is selected to cover the required 
wavelength range, see FIG. 2.9, and the data recorded and 
corrected f or detector response on a BBC microcomputer. Phase 
locked detection is used in preference to dc measurements, the 
laser being chopped at af ixed frequency in the range 50-25OHz 
and the luminescence signal being measured using a 
lockin-amplifier. This method is favoured since it reduces the 
effects of background noise, further noise reduction for low 
level signals is obtained using the BBC software routines of 
Dunstan (1987). The whole PL system is isolated from outside 
vibrations by an optical bench. 
PL itself requires no special sample preparation, and as such 
gives a quick and effective method of sample character i sat ion. 
Small samples are easily mounted on glass cover slides for better 
handling. Two variables are available in standard PL work, these 
are temperature and laser power. The f low cryostat allows PL to 
be carried out in the 4-300k range, whilst the 2K results 
reported in chapter 6 were taken using a bath cryostat 
(Montpellier, France). A range of excitation powers can be 
obtained using laser power controls, neutral density filters and 
laser f ocus, f or most standard PL work however af ixed power in 
the range 20-100mW semi-focused onto - lmmis used. 
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Detector range and efficiency for the photo multiplier (PM), 
Silicon (Si) and Germanium (Ge) detector types used in these studies. 
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2.4 Optical studies in the DAC 
PL is the most straightforward experimental technique in the DAC, 
and is also essential for pressure measurement. Ruby has two 
sharp strong fluorescence lines, R1 and R2 at 694.2nm and 692.7nm 
respectively at Okbar 300K. These shift with pressure to higher 
wavelength, see FIG. 2.10a, and have been calibrated against 
standard phase transitions to give a pressure scale, see Forman 
(1972) and Barnett (1973). This shift, of 0.365 Angstroms per 
kbar is linear to 200kbar and has been proved to be accurate down 
to 4.2K, Noack (1979). 
For semiconductor work in the range 0-200kbar with a lm 
spectrometer the small wavelength shift of ruby means that it is 
however difficult to determine pressure to better than ± 1kbar. 
Use of a synchronised neon lamp as a standard calibration point 
can possibly improve this to ±. 5kbar. In high resolution 
spectroscopy therefore the pressure is often the least accurately 
determined quantity and it is desirable to design experiments 
where possible so that pressure need not be determined, see 
chapter 4 for example. Ruby also has many broad features of 
varying strength and phase in its spectra besides the sharp Rl 
and R2 lines, fig. 2.10b. These can mask weak signals and a more 
convenient scale is therefore suggested such as the luminescence 
shif t of bulk GaAs or InP. These are often incorporated in 
samples as substrates and are less temperature dependent over 
small ranges than ruby. In chapter 6 GaAs substrate luminescence 
of a sample and a separate piece of InP are used as pressure 
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Fig. 2.10 a. Ruby fluorescence lines RI and R2 at 5 kbar and shifted to 
higher wavelength at 140 kbar, and b. broader features of the ruby spectra 
two orders of magnitude lower in intensity than those shown in a. 
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gauges using the determined pressure coefficients of Wolford 
(1985) and Kobayashi (1981). 
FIG. 2.11 shows a schematic diagram of PL for DAC work. In this 
layout one lens focuses the laser light and also collects 
luminescence. It is therefore essential that the DAC gasket hole 
is at the focal plane of this lens and that optical alignment is 
good. The inserts in fig. 2.11a-c show how moving this lens 1mm 
backwards or forwards drastically alter the spatial resolution of 
the system. When well aligned the laser spot can be focused to 
<50gm diameter needed to resolve closely spaced samples within 
the gasket hole, see Fig. 4.6a and b. 
Light can be introduced into the DAC from behind either by 
focusing with a lens or by use of an optical fibre. Optical fibre 
allows light to be taken out as well as in and helps when setting 
up the delicate optical alignment of the system. By passing 
chopped tungsten light through the DAC it becomes possible to 
measure transmission and absorption spectra at different 
pressures. Kobayashi (1985) and Welber (1976) describe methods 
for absorption work requiring special gasket preparation or 
complicated light source or detection optics. Transmission work 
reported in chapter 3 was carried out in the Kobayashi cell 
(fig. 2.3a) at 300K using the standard DAC configuration of 
fig. 2.11. No masking of the samples was attempted, instead 
samples were cut to nearly fill the hole and spectra corrected 
for the hole dimensions and light source by division with spectra 
obtained from an empty hole under the same conditions. 
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Fig. 2.11 A schematic diagram of photoluminescence in the diamond 
anvil cell showing mirror and lens arrangements. Insets indicate effect on 
spatial resolution of moving focusing lens a. Imm back from focus b. to 
focus and c. Imm forward from focus. 
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2.5 DAC operation 
From the gasket theory discussed in appendix A and from practical 
experience it is clear that successful operation of the DAC 
depends on the gasket. As discussed earlier preindented gaskets 
are always used for the massive support provided by the indent. 
The sample chamber should always be pressurised by contraction of 
the hole. If the hole enlarges the cell is close to instability 
and catastrophic failure and the run should be terminated and a 
thinner gasket used. In normal operation the gasket hole when 
possible is therefore visually checked after pressure changes, 
especially when exceeding 100kbar. In a well aligned cell run 
with gasket dimensions described earlier pressures up to 130kbar 
are easily obtainable before hole enlargement occurs. FIG. 2.12 
shows a typical applied load against pressure plot for this 
system at room and low temperature. Such plots help in 
anticipating pressures and indicate the onset of failure. The 
form is close to theoretical forms discussed for thin gaskets in 
appendix A. The cell may be cycled at room temperature although 
hysteresis occurs (fig2.12). Gasket thickness and sample chamber 
diameter decrease with cycling indicating that loss of pressure 
fluid plays a part in pressure reduction. From experience it is 
found that pressure measurements are best taken on increasing the 
pressure. When cooling cells from room temperature at starting 
pressures of around 10kbar it is normal to lose 5-10kbar. This is 
a useful effect since the rare gas medium is not 
lost and 
pressure measurements close to zero kbar may be taken. At 
higher 
pressures this effect is less pronounced and pressures of at most 
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Fig. 2.12 Pressure versus applied load (from hydraulic gauge) at 300K 
* and at 20K +, for 750 gm culet diamonds using a preindented gasket 
75gm thick. 
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1kbar are lost. Reduction of pressure by reducing the applied 
load is difficult if not impossible below about 100K and is best 
carrie out at an elevated temperature. A pressure range of about 
50kbar is possible at 2K using the full load of the hydraulic ram 
(-2000psi). On warming the cell pressure increases towards the 
room temperature value for the same load, and for this reason 
load should always be reduced when increasing pressure to avoid 
diamond breakage. This means that constant pressure at different 
temperatures cannot be maintained easily although repeated 
temperature cycling overcomes this effect to some extent. 
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CHAPTER 3 
A III B III cv, Layered compounds 2 
3.1 Introduction 
In this chapter pressure dependant measurements of the optical 
transmission spectra of TlGaS 
2. 
TlGaSe 
2 and 
TlInS 
2 
crystals in 
the DAC are reported. Such DAC techniques have been successfully 
employed on many bulk three dimensional semiconductors (see 
Welber (1975) and (1976), MUller (1980), Kobayahi (1985) and Goni 
(1989) ) to give information on band structure and physical and 
optical properties under pressure. Unlike PL this method is 
sensitive to transitions around the whole absorption edge, and is 
also useful when PL emissions are not observable, as in the 
present case. These samples were chosen primarily to investigate 
transmission techniques in the DAC, as they are easily shaped to 
f ill the gasket hole, with view to extending this work to the 
III-V's (see 3.4) 
In most 3D semiconductors lattice parameters and related bulk 
moduli are known (see for example table 4.1 in next chapter for 
some III-V compounds). Variations of bandgap with pressure are 
normally close to linear and anomalous behaviour can in some 
cases be the most sensitive method to register and identify the 
presence of phase transitions (eg abrupt opaqueness). Optical 
constants and compressibility tensors for layered compounds are 
however not so well known, making pressure and temperature 
studies vital to the understanding of these low dimensional 
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so l ids. 
Pressure induced phase transitions at 4kbar, 6.7kbar and 7.6kbar 
have previously been reported for the TlGaS 
2, 
TlGaSe 
2 and 
TlInS 
2 
compounds respectively using Raman, absorption and differential 
thermal analysis (DTA) techniques, Vinogradov (1979), 
Allakhverdiev (1984), (1985a) and (1985b). The upper limit 
of these studies was 12kbar due to the hydraulic vessel used, 
with the DAC this range has been extended to about 130kbar. We 
would expect the energy levels responsible for band gap and 
deeper transitions in these layered compounds to be either very 
sensitive, or largely insensitive to hydrostatic pressure, 
depending on whether these levels are split by interlayer 
interaction (bonding dominated by weak Van der Waal forces) or 
are isolated layer levels (strong covalent bonding). These would 
give either large negative dEg/dP values or smaller positive 
coefficients respectively, Besson (1977). In reality results of 
such studies as Raman sPectroscopy have shown that a hierarchy of 
bonding forces, rather than only strong or weak, are at work, 
Henkel (1982), but no quantitative account can be given without 
knowledge of variation with pressure of the compressibility 
tensors. For these reasons the most important data for reliable 
interpretation of the pressure shift of electronic levels is 
X-ray data on the variation of atomic position in the unit cell. 
To date only TlGaSe 2 
has been studied in detail at Okbar, MUller 
(1978) and X-ray pressure work is therefore being undertaken. 
Such work is time consuming and difficult in the DAC and the 
presence of incommensurate phases in these compounds makes data 
interpretation complex. 
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3.2. Structure and data treatment 
Crystals studied were grown by the Bridgman method in evacuated 
quartz ampoules. At room temperature the ternary layer thallium 
chalcogenides belong to the monoclinic system with a C2/c (C 
6 
2h 
space group, Henkel (1982), consisting of two layers per unit 
cell (see FIG. 3.1 and table 3.1). The crystal morphology makes it 
possible to cleave samples in thin plates perpendicular to the c 
axis. 
Example transmission curves are shown for the TlGaSe 2 
sample at 
two pressures (FIG. 3.2). The 0% and 100% transmission levels are 
clearly definable in these spectra allowing the band edge to be 
followed as a function of pressure. Zero offsets and gradient 
effects on the spectra may be normalised using the algorithm 
presented in appendix B. The presence of interference fringes 
allows an estimate of layer thickness M from wavelengths W of 
adjacent maxima using, Pankove (1971): 
1 
t= (3.1) 
(1 
- n J 
1 2 
Assuming n-3 at room temperature (GaSe ic axis, Touliec 
(1977)). Variation in n with pressures appears to be small if not 
unmeasurable in this experiment, no quantitative report 
is 
possible without a knowledge of lattice spacing under pressure. 
Interference effects have been smoothed out in the final spectra 
presented (smoothing techniques Neri (1987)). 
Energy pressure plots are used to show the displacement of 
transmission spectra with pressure for the arbitrarily chosen 30% 
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Fig. 3.1 Stacking of the anionic layers and positions of Tl+ ions 
between them for the AIIIBIIICVI compounds of Table 3.1 (Henkel (1982) 
and MU"Iler (1978)). 
Table 3.1 
Compound Reference Structure Space group 
TlGaS2 Mfiller (1974) monoclinic C2/c-Ch 
TIGaSc2 MUller (1978) monoclinic C2/c-Ch 
TllnS2 Mfiller (1974) monoclinic C2/c-Cýh 
Lattice constants 13 
c( A) 
10.40 10.77 15.17 100 
10.77 10.77 15.64 100 
10.95 10.95 15.14 100 
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Fig 3.2 Example transmission spectra for TIGaSe2 sample at 15 and 
74kbar, 300K. 
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transmission point. Clearly dE 
30 
/dP values do not correspond 
directly to the pressure coefficients of the direct and indirect 
band gaps of the crystals studied. Nevertheless their variations 
between different pressure regions allow some conclusions 
concerning the possible existence of previously unreported phase 
transitions to be drawn. Pressure coefficients for 15% and 70% 
levels are also given, corresponding to lower and higher energy 
transitions. The pressure results of these show discontinuities 
consistent with the 30 % data and also allow examination of 
anyvariations across the fundamental absorption edge. Error in 
the pressure determination measurements is ± lkbar and up to ± 
20meV in energy determination. For pressures below 10kbar or over 
small pressure ranges large errors in the determined pressure 
coefficient would be expected, and the 0-10kbar range results are 
not inconsistent with those of Allakhverdiev (1985). Least square 
fit methods are used to fit data and errors are estimated from 
worse fit lines (standard error calculations, Topping (1972), 
give errors much less than those quoted). It should also be noted 
that for pressures above 100kbar the 4: 1 methanol: ethanol mixture 
used in the DAC f reezes, so that for measurements taken above 
this pressure axial strain may be significant. 
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3.3 Results 
3.3.1 T lGaS 
2 
FIG. 3.3 shows typical corrected room temperature transmission 
spectra of a 6pm thick TlGaS 
2 crystal at various pressures. 
The 
30% transmission energy is plotted against pressure in FIG. 3.4 
and values of the pressure coefficients given in table 3.2. 
Allakhverdiev (1985) determined pressure dependence in the 
0-3kbar range to be: 
-1 
dEg/dP = -7.25 ± . 
25 meV kbar 
and from 4-12.03kbar, 
-1 
dEg/dP = -8.5 ± . 25 meV kbar 
From these results and those shown in table 3.2 it is possible to 
postulate the existence of the following phases in TlGaS 2 
under 
high pressure: 
Phase I: low pressure phase existing f rom z0 to 8kbar. 
Phase II : stable from -12 to 31kbar. 
Phase III: existing above 40kbar. 
Within experimental error there seem to be no variations across 
the absorption edge with pressure. 
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Fig. 3.3 Corrected transmission spectra of a 61Lm thick TlGaS2 crystal 
under different pressures at 300K. 
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Table 3.2 
80 
30% transmission energy versus pressure f or TIGaS2- 
Pressure Range (kbar) 
12-31 
41-82 
meV kbar- 1 
dE15/dP dE30/dP dE70/dP 
-10.9±1 -12±1 -10.9±1 
- 6.7+1 -6.8+1 - 5.7+1 
ENERGY 
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3.3.2 TIGaSe 
2 
FIG. 3.5 shows the transmission spectra of a 30pm TlGaSe 
2 crystal 
under different pressures at room temperature. FIG. 3.6 gives the 
pressure dependence of the 30% transmission energy along with 
table 3.3 for other percentage values. 
Below 12kbar Allakhverdiev (1985) gives for a :5 80cm -1 (low 
energy): 
dEg Indirect /dP = -10.9 ± .5 meV kbar-1 
and f or 220 :5a :5 400cm-1 (high energy). 
dEg/dP = -7.25 ± . 25 meV kbar-1 
and above 9.15kbar: 
dEg Indirect MP = -20.75 ± . 25 meV kbar-1 
-1 
dEg/dP = -12 ± .5 meV 
kbar 
Results of table 3.2 show no variation across the absorption edge 
for pressures above 11kbar. The following phases are suggested: 
Phase I: low pressure phase up to ýý 10kbar. 
Phase II : z57 to 85kbar region. 
Phase III: from z98 to 140kbar. 
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Fig. 3.5 Corrected transmission spectra of a 30gm thick TlGaSe2 
crystal under different pressures at 300K. 
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30% transmission energy versus pressure f or TIGaSe2- 
Pressure Range (kbar) dE, 5/dP 
11-44 -11.8+1 
57-85 - 7.3+1 
98-148 - 6.6+ 1 
meV kbar- 
dE30/dP 
-12.4+1 
7.4+1 
6.5+1 
ENERGY 
dE70/dP 
-11.9+1 
7.1+1 
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3.3.3 TlInS 
2 
Allakverdiev (1985) gave from 0 to 5.85kbar: 
-1 
dEg/dP = -8.55 ± . 25 meV kbar 
for the whole absorption edge, with a sign change from 5.85 to 
6.6kbar. Above 7.5kbar for a< 30cm-1 (low energy): 
dEg/dP = -20.5 ± .4 meV kbar-1 
and f or a ý: 90 cm-1 (high energy). 
FIG3.7 shows typical spectra for the 26gm layer measured and 
FIG. 3.8 and table 3.4 give pressure dependencies of the 
transmission edge. In the 8 to 24kbar range variations across the 
edge show the same trend as the highest pressure results of 
Allakhverdiev (1985). The following phases are suggested: 
Phase I: low pressure phase up to z 10kbar. 
Phase II : from zlO to 24kbar. 
Phase III: from -40 to 70kbar. 
Phase IV : from z86 to 106kbar. 
Possibly one or two phases above 106kbar. 
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Corrected transmission spectra of a 26gm thick TlInS2 crystal 
under different pressures. 
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Table 3.4 
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Pressure (kb) 
30% transmission energy versus pressure f or TllnS2- 
Pressure Range (kbar) dE15/dP 
8-24 -16.4+1 
40-71 - 6.9+1 
86-106 - 6.5+1 
meV kbar- 
dE30/dP 
-17.8+1 
7.3+1 
6.8+1 
ENERGY 
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dE70/dP 
-20.0+1 
6.4+1 
10.3+1 
3.4. Discussion and further work 
All three samples show large negative pressure coefficients 
indicative of interlayer interactions being dominant in bandgap 
changes Besson (1977). From discontinuities in these 
coefficients it is possible to infer the presence of at least two 
phase transitions in all the compounds below 100kbar. These 
results are not unexpected from the complex nature of these 
layers and f rom previous pressure and thermal studies. The lack 
of variation of the pressure coefficients across the transmission 
edge would seem to rule out discontinuities resulting from energy 
band crossings. However X-ray analysis at high pressure and 
theoretical calculations are required to understand the 
crystalline and band structure of these little investigated 
compounds. 
This work has also shown the ease with which transmission data 
may be obtained, with view to extending it to the III-V system. 
To date it has been used to examine the properties of 11-VI 
superlattices under pressure, see publications list number 10. 
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CHAPTER 4 
Relative bulk moduli 
4.1 Introduction 
In this chapter high pressure PL measurements in the DAC are used 
to measure the relative bulk moduli of Ga In As P lattice 
X 1-X Y 1-Y 
matched epitaxial layers to their InP substrates (see appendix D 
for lattice match conditions). As discussed in 1. the bulk moduli 
of these and other III-V alloys have not been determined but are 
important parameters in our interpretation of high pressure 
experimental results. Reliable techniques for the measurement of 
relative bulk moduli in heterojunction systems are therefore 
sought. 
For cubic solids the bulk modulus B is given by: 
dP 
dV 
(4.1) 
B is expressed in kbar and gives an estimate of the pressure 
needed to compress the sample to about half its original volume. 
Expanding B in terms of pressure: 
B (P) B+ B' P+1BP2 
0020 
(4.2) 
Where B0 is the value at P=0, B0 the first pressure derivative 
at P=0 and so on. For pressures below about . 05 B the 
bulk 
modulus can be considered approximately constant within 
experimental error, above this however stiffening becomes apparent 
as shown later. Assuming bulk modulus to be near linear with 
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pressure we take the first two terms of the expansion and 
integrate to obtain the well known Murnaghan equation of state, 
Murnaghan (1944) : 
Bd 3B' 
P000 (4.3) 
B' d 
0L 
Which may be expressed: 
Ad 
1B0p+1 (4.4) 
dB 
0 01 
This equation fits X-ray data within experimental error up to 
about P :5 .2B which makes it suitable for III V semiconductor 0 
analysis in the DAC, where bulk moduli are typically about 700kbar 
and the pressure range used is about 100kbar. A knowledge of the 
bulk moduli is therefore essential to high pressure work, as well 
as being of physical interest. 
With the development of the DAC high pressure has been used very 
successfully to study low dimensional semiconductor 
heterostructures using PL (see chapter 6 or for example Wolford 
(1986) or Venkateswaren (1986)) and it is clear that differences 
in bulk moduli between substrate and epilayer (or well and barrier 
material in quantum well structures) will result in uniaxial 
stress and an altered value of the hydrostatic pressure. 
Table 4.1 shows bulk moduli values for some III-V binary compounds 
measured mainly from ultrasound techniques (see appendix C). This 
is the most accurate technique, but reported values range by as 
much as 6%. Such techniques are however not applicable to the DAC 
and consequently the differences in bulk moduli between III-V 
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compounds and alloys are not known to any accuracy and the state 
of axial strain of a heterostructure under pressure is therefore 
not known. Interpolation methods may be used as described by 
Adachi (1982) and outlined in appendix D, examples are given in 
table 4.1. Keyes (1962) however proposed an empirical rule 
according to which the elastic constants c ij of 
III-V compounds 
and alloys depended only on lattice nearest neighbour distance 
(d). 
cK 
ij 
(4.5) 
This scaling rule has been used by previous authors to deduce the 
elastic moduli of ternary compounds (eg. In 1-x 
Ga 
xP 
Hakki (1970)) 
from the values in the binary (x=O) using: 
c 
ij 
(x) =c ij 
(0) d0 (4.6) 
Lam (1987) proposed an empirical equation for III-V compounds: 
B 1750 d -3.5 
0 
(4.7) 
With B0 in kbar and d in Angtrom units. Reduced bulk moduli (B r= 
Bd -4 ) are also shown in table 4.1. Results agree well with each 
0 
other for all but the reported values of InP. 
If these empirical rules are correct then effects due to different 
bulk moduli would never be observed in lattice matched 
heterostructures. 
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TABLE 4.1 
Bulk modul i (B and reduced bulk modul i (B for some III-V 
compounds at room temperature. 
Compound (kbar) B B (kbar A -1 Reference 
0 1 
X 10 (see next page) 
GaP 887.5 ± 3.7 2754 ± 12 a 
(d = 2.360A) 897.9 ± 1.8 2786 ± 6 b 
888.0 ± 29.0 2756 ± 91 b 
881.9 ± 2.5 2737 ± 9 b 
891.7 ± 7.3 2767 ± 24 C 
896.0 ± 74.0 2780 ± 230 d 
854.1 2650 e 
GaAs 748.0 ± 12.0 2686 ± 44 f 
(d 2.448A) 755.7 ± 0.2 2714 ± 2 9 
754.0 ± 0.8 2707 ± 4 b 
752.8 ± 11.7 2703 ± 43 h 
743.3 2669 i 
754.6 ± 2.1 2710 ± 9 i 
758.0 2722 k 
755.3 2712 k 
755.3 2712 k 
748.0 2686 k 
782.6 2810 k 
754.6 2710 k 
754.6 2710 k 
753.3 2705 k 
752.6 2703 k 
InP 724.7 ± 3.7 3022 ± 18 1 
(d = 2.541A) 711.0 2965 M 
733.3 3058 e 
'724.0 3018 n 
InAs 579.4 ± 21.7 2744 ± 102 0 
(d = 2.623A) 613.0 ± 9.0 2903 ± 44 P 
580.7 2750 q 
576.7 2730 n 
Alloys lattice matched to InP (yz2.2x, see appendix 
interpolated values using asterisked references: 
Ga In As 
. 47 . 53 
Ga 
x 
In 
1-x 
As 
yp 1-Y 
y= .5 
y= . 88 
660.9 ± 17.0 
690.2 ± 16.0 
667.5 ± 10.0 
A% I nP 
2756 ± 73 10% 
2877 ± 67 5% 
2783 ± 45 8% 
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TABLE 4.1 references 
a Weil, (1968). 
b Landolt-B6rnstein, (1982). 
c Pesin, (1976). 
d Fray, (1969). 
e Gerlich, (1980). 
f Garland, (1962). 
g Drabble, (1966). 
h Cottam, (1973). 
i Burenkov, (1973). 
Bateman, (1959). 
k Landolt-Bbrnstein, (1979). 
1 Hickernell, (1966). 
m Nichols, (1980). 
n Borcherds, (1978). 
o Gerlich, (1964). 
p Reifenberger, (1969). 
q Burenkov, (1975). 
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4.2 Experimental theory 
An epilayer with a different bulk modulus from its substrate is 
constrained in the (x-y) plane to have the same strain as its 
substrate, but is free in the (z) direction. The resulting axial 
strain can be decomposed into pure uniaxial and hydrostatic 
components. The hydrostatic pressure in the epilayer P 
eff 
is 
therefore different from the applied hydrostatic pressure P (see 
appendix E for formula derivation) and is given by: 
2B 
eff -+e 
(4.8) 
33B 
and there is an axial strain (c 
ax 
211) 
c=----p (4.9) 
ax 3BB 
es 
Where B is the substrate bulk moduli and B that of the epilayer. 
Se 
If the sample is demounted from its substrate, it becomes subject 
to the applied hydrostatic pressure. Thus measurements of any 
quantity with a large pressure dependence in sample on and off 
their substrates gives an accurate determination of the relative 
bulk moduli of the epilayer and substrate. The technique used here 
was to monitor the bandgap of materials by PL in the DAC. 
Rewriting equation 4.8 we obtain: 
AE 2B 
30 
-+ 
(4.10) 
AE 33B 
EPI S, 
Where AE 
30 
is the change in PL energy of the supported sample 
(thinned to 301im) and AE 
EPI 
that of the unsupported epilayer. 
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In terms of wavelength equation 4.10 becomes (see appendix E): 
1r)2 
AA 
30 EPI - EPI 
EPI 
3 
30 
Where a shif t AX to shorter wavelength is taken as positive. 
4.3 Sample characterisation and selection 
(4.11) 
Samples were 4gm thick n-type epitaxial layers of Ga 
x 
In 
1-x 
As 
YP 1-Y 
grown on InP by metal-organic chemical vapor deposition (MOCVD) 
at STC Technology, with carrier concentrations in the x1O 
15 
cm 
3 
range. 300K PL was used to determine the y values f rom peak 
position using the relations of Nahory (1978), Pearsal (1982) and 
Heasman (1985), see appendix D. 
Three samples were selected with y=0.5 ±. 02, y=0.88 ±. 04 and 
1.0, their room temperature PL are shown in FIG. 4. la to c 
respectively. All show typical linewidths (FWHM). 
Lattice mismatch was determined for the y=0.5 and y=0.88 
samples to be 130 ± 20ppm (parts per million) by X-ray double 
axis diffractometry, with an estimated thickness for the layers 
of between 2 to 5pm well in agreement with nominal values. 
FIG. 4.2 shows the bandgap pressure dependence of the y=0.5 
sample measured against ruby, showing the expected spectra shif t 
to lower wavelength (higher energy) with pressure. Some typical 
pressure spectra for this sample are shown in a later section. 
The clear sublinearity in fig. 4.2 is similar to that observed in 
InP by MUller (1980) and Kobayashi (1981) and can be corrected in 
part by plotting energy against lattice constant as in equation 
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Fig. 4.1 Room temperature PL spectra for the three chosen samples; 
a. y= 0.5 (linewidth 37 meV), b. y= 0.88 (linewidth 49 meV) and c. 
1.0 (linewidth 24 meV). 
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Fig. 4.2. PL peak energy as a function of hydrostatic pressure for the 
y=0.5 sample at 300 K. Solid line indicates least square fit to data 
given in 4.5.1. 
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4.4 (see also Lambkin (1988a)). Pressure range was limited by 
quenc ing of the luminescence signal and interference by the ruby 
emission. FIG. 4.3 shows pressure coefficients of samples obtained 
by least square fits for y=0 (Kobayashi (1981)), y=0.5, y= 
0.88 and y=1.0 (Lambkin (1988a)). Experimental points for y= 
0.5 and y=0.88 show reasonable agreement with the interpolated 
values. Full quadratic fits are reported in later sections. 
4.4 Preliminary measurements 
Standard DAC technique was initially used, samples on and off 
substrate for the y=0.88 material were measured in two 
independent pressure runs up to about 80kbar with ruby as the 
pressure gauge. FIGAA shows some typical spectra for the 
supported epilayer at pressure. The two data sets obtained in this 
way are plotted together in FIG. 4.5 against pressure and show no 
difference in pressure coefficient within experimental error. The 
accuracy of this experiment is limited by the pressure calibration 
of ±lkbar for ruby, this amounts to - ±1.5% across the pressure 
range examined and may be expressed: 
AE 
. 985 
30 1.015 
AE 
EPI 
Which implies from equation 4.10 that: 
B 
. 955 
e 1.045 
B 
S 
That is the bulk moduli of lattice matched GaInAsP y=0.88 and InP 
are the same to within 5%. 
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Fig. 4.3 Compositional dependence of the pressure coefficient (dF, /dP) 
of the direct bandgap of GaxInl_xAs 
yp 1-Y ;y=0.5±. 
02 and y=0.88+. 04 
from this work, y=0 from Kobayashi (1981) and y=I from Lambkin 
(1988a). Line indicates direct interpolation between the data of Kobayashi 
and Lambkin. 
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Fig- 4.4 Typical PL spectra at 300 K for the y=0.88 sample under 
hydrostatic pressure, showing shift to lower wavelength (higher energy) 
with increasing Pressure. 
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Fig. 4-5 Peak positions of the band to band luminescence of the 
GaInAsP y=0.88 epilayer on its substrate (o) and off (+) are plotted 
against hydrostatic pressure. Each sample was measured in separate 
experiments with ruby fluorescence for pressure calibration. 
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Least square fits to the data sets give: 
Eg 
30 
(eV) = 0.805 + 10.06 ±. 4 X10-3 P- 20 ±7 X10-6 p2 
and, 
EgEp 1 eV) = 0.805 + 10.30 ±. 3 X, 0-3 P- 22 ±4 x10-6p 
Ignoring error this would give the y=0.88 sample a bulk moduli 
7% less than that of InP, with a worst case error of 26%. 
To obtain results independent of error in pressure a new method 
was devised. Samples on and of f substrate were loaded together in 
the DAC. This method gives accuracy limited only by the 
determination of the luminescence peak positions and makes 
accurate pressure determination unnecessary. It is however a very 
difficult experiment, epilayers samples are fragile and the two 
samples must be clearly resolved and recognised. Room temperature 
signals are not very bright and quench at higher pressures, 
measurements are of ten repeated many times to ensure accuracy in 
wavelength differences. Placing a ruby chip or piece of InP 
between the two samples allows good spatial resolutions to be 
obtained. FIG. 4.6a shows a two dimensional plot showing three 
samples, whilst fig. 4.6b shows a three dimensional plot for two 
samples in the DAC. 
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. b. Emission intensity 
Fig 4.6 Spatial resolution within the DAC; Intensity is plotted as a 
function of laser focus; a. a two dimensional plot for two samples (EPI 
and 30gm) separated by a piece of ruby, and b. a similar three 
dimensional plot for two samples. In both cases samples are clearly 
resolvable. 
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4.5 Results 
5.1 
FIG. 4.7 shows spectra for the y=0.5 epilayer on (30gm) and off 
(EPI) substrate at 43kbar, 300K. Differences in peak position are 
small but clearly seen. These differences are shown against 
pressure induced peak shift in FIG. 4.8 along with theoretical fits 
from equation 4.11 for various values of UB /B 
S 
)-11. Results lie 
within 1% of that of InP in disagreement with the interpolated 
value of 5% (table 4.1). Least square fits to the two data sets 
using the internal ruby calibrant give: 
Eg 
30 
(eV) = 1.0104 + 10.06 ±. 2 X10-3 P- 27 ±4 X10-6 p2 
and, 
Eg 
EP 
JeV) = 1.0104 + 10-10 ±. 3 X10-3 P- 27 ±4 X10-6 p2 
Ignoring the error bars, since both samples were measured 
simultaneously (errors in pressure calibration are the same) and 
using equation 4.10 tells us that the y=0.5 sample has a bulk 
modulus 1% less than that of InP. 
80K results are plotted in FIG. 4.9 and show differences of between 
15 and 20%. Results imply that the bulk modulus is 15% lower up to 
about 20kbar but increases at higher pressure. 
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Fig. 4.7 300 K spectra for the y=0.5 epilayer on (30gm) and off 
(EPI) substrate at 43 kbar. Arrows indicate peak positions; differences are 
small but clearly seen. 
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Fig. 4.8 300 K PL peak wavelength difference for the y=0.5 
samples on and off substrate is plotted against wavelength shift. Full 
curves are theoretical curves indicating values of bulk modulus difference. 
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80 K PL peak wavelength difference for the y=0.5 samples 
on and off substrate is plotted against wavelength shift. Full curves are 
theoretical curves indicating values of bulk modulus difference. 
68 
4.5.2 y=0.88 
Peak differences ( AX 
30 - 
AX 
EPI 
) against pressure induced peak 
shif t are shown in FIG. 4.10 and FIG. 4.11 for 300 and 80K results 
respectively. The 300K results indicate that the bulk moduli of 
the y=0.88 sample is within 3% of that of InP, in agreement with 
the preliminary results of 4.4 but not the interpolated difference 
of 8% (table 4.1). 80K results show the bulk moduli to be up to 
15% less to about 30kbar and then to increase. 
S. 3y=1.0 
Pressure results for 30pm (ie. on substrate) samples of this 
material were measured by Lambkin (1988a) at 30OK: 
Eg 
30 
(eV) = 0.733 + 11.0 ±. 2 X, 0-3 P- 27 ±2 X, 0-6 p2 
and at 80K, 
Eg 
30 
(eV) = 0.796 + 10.9 ±. 2 X, 0-3 P- 27 ±2 X, 0-6 p2 
FIG. 4.12 shows the wavelength differences in peak positions for 
free standing and supported epilayers against peak shift under 
pressure. Results show bulk moduli differences of between 3 and 5% 
in contrast to the interpolated differences of 10% (table 4.1) at 
300K. 
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Fig. 4.10 300 K PL peak wavelength difference for the y=0.88 
samples on and off substrate is plotted against wavelength shift. Full 
curves are theoretical curves indicating values of bulk modulus difference. 
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Fig. 4.11 80 K PL peak wavelength difference for the y=0.88 
samples on and off substrate is plotted against wavelength shift. Full 
curves are theoretical curves indicating values of bulk modulus difference. 
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Fig. 4.12 300 K Pl, peak wavelength difference for the y= 1.0 
samples on and off substrate is plotted against wavelength shift. Full 
curves are theoretical curves indicating values of bulk modulus difference. 
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80K results are shown in FIG. 4.13 and show a similar result to 
those taken at 300K. The GaInAs bulk modulus appears to be 5% 
lower up to about 40kbar and at higher pressure increases. No 
pressure calibrant was placed between the samples in this 
experiment, the pressure range being limited by the samples moving 
closer together and becoming spatially unresolvable. 
4.6 Discussion and further work 
The results of the room temperature studies along with 
interpolated and Keyes predictions are plotted in FIG. 4.14 against 
the alloy composition parameter y of lattice matched 
Ga 
x 
In 
I-x 
As 
yP 1-Y .A 
similar plot is constructed for the SOK data 
(FIG. 4.15) using an estimate for the bulk modulus of InP (from 
table. 4.2). 
From these it would seem that neither the empirical rules nor 
interpolation predict reliable bulk moduli for the III-V alloy 
semiconductors, making their experimental measurement essential. 
Trends in the two temperature measurements seem to be reversed. 
FIG. 4.16 shows the expected form of plots of equation 4.11 for 
various conditions of B and B and their pressure derivatives. 
eS 
All reported results follow a similar trend, indicating bulk 
moduli of the epilayers to be less than the InP substrate but 
with a higher pressure derivative (B' decreasing with y and 0 
-temperature. 300K values of B0 from Lam (1987) shown in table 
4.3 disagree with these f indings. Interpretation of low 
temperature results is more complex since InP and GaInAs possess 
thermal expansion coefficients with about 20% difference at 300K 
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Fig. 4.13 80 K PL peak wavelength difference for the y= 1.0 
samples on and off substrate is plotted against wavelength shift. Full 
curves are theoretical curves indicating values of bulk modulus difference. 
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Fig. 4.14 300 K results from this work are plotted against alloy 
composition (y) for lattice matched Gaxlnl_xAsYPI_Y* The solid lines indicate 
the direct interpolation values and the Keyes, rule value. 
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Fig. 4.15 Determined relative bulk moduli data from this work is 
used to construct a plot of bulk modulus against composition at 80 K. InP 
and y=I values are taken from table 4.2 with the solid line representing 
an estimate for interpolated values. 
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(Adachi(1985)), the two quaternary alloys coming in between these two. 
This effect would therefore be most pronounced in the GaInAs 
sample and does not account for the higher deviations with lower 
y seen in fig. 4.15. 
Recent studies, Mickkelson (1982) and (1983), have shown that 
nearest neighbour distances in the Ga 
x 
In 
I-x 
As 
YP 1-Y 
system may give 
rise to large composition changes from nominal values in certain 
directions. The effects of thermal or pressure induced strain 
would therefore require complex analysis and more accurate 
determination. The method used here has been shown to provide 
results to ±1%. For higher accuracy it will be necessary to study 
uniaxial strain effects on highly resolved PL structures relating 
them to bulk moduli using equation 4.9. Ion implantation or 
inclusion of a suitable centre during growth into both the epi 
layer and substrate would allow direct measurement of uniaxial 
stress from isolated centre splitting with no perturbation 
effects. Shirakawa (1985) investigated PL spectra of Si implanted 
GaAs under uniaxial stress, he concluded that residual stress of 
at least 80bar could be detected by PL splitting of the emission 
peak. Similar results were found for Oxygen in GaP, Nash 
(1984), and Vanadium in GaAs, Armelles (1984). Use of such strain 
gauges would give direct strain measurement in low dimensional 
structures under pressure and would also be invaluable to the 
investigation of strained layer devices grown using non lattice 
matched alloys (see for example Osbourn (1985), Adams 
(1986)). 
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Table 4.2 
Bulk moduli (B 0) 
for some III-V compounds at 80K 
Compound (kbar) B AB Nbar) Reference 0 0 
300K => 80K (as table 4.1) 
GaP 913.5 ± 1.9 15.6 b* 
GaAs 784.0 ± 13.0 36.6 f 
767.4 ± 11 14.6 h* 
InP 
InAs 615.6 ± 22 36.0 0* 
Using limits of AB then InP lies between 739.3 and 761.3kbar. 0 
interpolated values using asterisked references: 
A% InP 
Ga 
--In 
As 686.9 7-10% 
. 4-1 . 53 
Ga In As P 
x 1-x y 1-Y 
y .5 
y . 88 
695.7 
723.7 
6-9% 
2-5% 
Table 4.3 
Bulk modulus pressure derivative B0 300K, Lam (1987) 
Compound B' 10 
GaP 
GaAs 
InP 
InAs 
interp( 
4.77 
4.67 
4.9 
4.8 
)lated valu( 
Ga In As 
. 47 . 53 
Ga In As P 
x 1-x y 1-Y 
y .5 
y . 88 
4.74 
4.76 
4.82 
A% InP 
-3% 
-2.9% 
-1.6% 
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CHAPTER 5 
Doping superlattices 
5.1 Introduction 
In this chapter low temperature PL was used to establish for the 
first time whether doping superlattice structures could be 
successfully grown by Liquid Phase Epitaxy (LPE) in InP and 
lattice matched quaternary alloys. Achievement of superlattices 
in these alloys is of particular interest since composition can 
be selected to optimise device performance for operation in the 
low-loss and the minimum dispersion windows of optical f ibers. 
Characterisation also took place with a view to carrying out high 
pressure experiments if results were promising. 
Doping superlattices are semiconductor structures consisting of 
layers (typically 5<d< 300nm. ) of the same semiconductor doped 
alternately with acceptors and donors, sometimes separated by 
intrinsic layers. The effect is like a series of p-n junctions 
and results in a periodic electrostatic potential which modulates 
the conduction and valence bands (FIG. 5.1), and where dimensions 
are small enough they may give rise to quantum confined states. 
After their initial suggestion by Esaki and Tsu, (1969) and (1970) 
they were investigated theoretically by D6hler (1972) and later 
grown using molecular beam epitaxy (MBE), Dbhler (1981). Their 
properties and realisation in the GýAs system are the subject of 
many papers, see reviews of Ploog (1983) and D6hler (1985). 
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Fig. 5.1 A schematic representation of a doping superlattice, made 
f rom alternate n and p doped layers d thick is shown a. in its ground 
state and b. under excitation. The charge separation and tunable effective 
energy gap are principal features in this structuretype. 
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pnpnpnpn 
The principle features of interest are; the efficient spatial 
separation of electrons and holes by the f ields associated with 
the built in space charge; and the optical transitions which 
involve tunnelling between spatially separated states. 
These transitions are direct in k space but indirect in real 
space by half a superlattice period, see f ig. 5.1. In the ground 
or unexcited state f ig. 5. la these transitions are below the 
direct gap of the host material and give rise to an effective 
eff bandgap Eg To a first approximation this is given by: 
eff 0 Eg Eg 2V 
0+ any quantum confinement energy 
(5.1) 
0 
where Eg is the host semiconductors bandgap and 2V 0 
the total 
2 band bending which varies as (doping concentration) xd Thus 
selection of a suitable host material and careful control of 
eff design parameters (n, p and d) allows Eg to be tuned without 
the restriction of lattice matching found in compositional 
suPerlattices. 
The rate of the non classical tunelling of electrons and holes 
across the potential barrier depends on the barrier width and 
height. Lifetimes of photoexcited charge carriers can therefore 
also be tuned by parameter selection and maybe extremely long 
(microseconds to hours) due to the exponentially small overlap of 
corresponding states. Once grown the properties of the doping 
superlattice are not f ixed. The enhanced lifetimes allow 
population of subbands by photo-excitation, even at low 
intensities, resulting in large deviations from the ground state 
which decay slowly (f ig. 5.1b). The excess carriers lead to 
different quasi-fermi levels for electrons and holes which 
compensate the built in space charge induced potential and thus 
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ff 
change the value of Ege Luminescence recombinations are 
therefore expected to shift in energy with laser intensity, the 
form of the shift is derived as follows: 
The rate of change of the excess charge density (p) is given by: 
dp p 
-=G-- 
dt T 
where G= Generation rate due to photon absorption, and -r = 
recombination lifetime. In the steady state: 
p 
(5.2) 
G 
The lifetime is also dependent on the barrier width (d/2) and 
height (2V 
0 
): 
T o( exp (V 0) exp(d) (x exp(V 0 
d) (5.3) 
Using d cK 1/, /n and taking the log of equations 5.2 and 5.3 gives: 
v 
0 
cK log-r (x -logG (5.4) 
Vn 
Substituting equation 5.4 into equation 5.1 gives: 
eff AEg (x ýv(n logG (5.5) 
Doping superlattice bandgaps are therefore expected to shift 
linearly in energy with the log of excitation power. PL is the 
best method of studying this tunability of Egeff and has been used 
by many authors to prove the validity and applicability of these 
superlattices, and as a major characterisation technique (see 
D6hler (1981), Yamauchi (1984), K6hler (1986), Roentgen (1985), 
Street (1986), Jung (1982), Yuan (1985) and Jung (1983)). All 
these studies were on the InP and GaAs systems. 
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5.2 Devices and characterisation 
Samples were grown by P. D Greene at STC Technology, Harlow. The 
growth method and device structure are shown in FIG. 5.2a and b. 
a The LPE growth was carried out at 600 C in an automatically 
operated furnace incorporating a graphite boat with a linear 
slider. The two solutions had identical compositions apart from 
being doped either with Te or Zn at concentrations giving both n 
and p in the range xlO 
17 to X10 
18 
cm 
3 range. This growth method 
results in an interleaved series of layers with opposite ends 
exclusively n or p type, making selective contacting far easier 
than with MBE grown devices. All PL studies were carried out in 
the central regions of these devices. 
Five samples were investigated ranging from simple n-p-n-p 
structures in InP and GaInAsP to a more complex hetero n-i-p-i 
device. These devices are summarized in table 5.1 along with 
results for discussion in the next sections. 
5.2.1 FA473 and FA476 InP n-p-n-p 
PL spectra for FA476 at various excitation intensities are shown 
in FIG. 5.3. In each case the spectrum consists of a single peak 
which shifts to higher energy under increased excitation and 
reduces in linewidth. At low excitation the linewidth 
is 
dominated by acceptor broadening of luminescence from the 
populated subbands. Under high excitation the doping superlattice 
reaches a flat band situation and PL is from conduction 
band 
electrons to acceptor levels. 
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Fig. 5.2 a. Side and top view of an LPE grown doping superlattice 
showing macroscopic dimensions , the sliding boat method of growth shown 
in b. results in a series of interleaved fingers which make selective 
contacting relatively simPle for these devices. 
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Fig. 5.3 Luminescence spectra at 80 K for FA476 at various 
excitation intensities, spectra are offset to show movement of peak 
position under increasing excitation . 
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Table 5.1 
Doping superlattice devices and results 
Sample Material 
No of 
Layers 
Total 
Thickness 
(pm) 
Av. 
d 
(nm. ) 
ett Eg (max) 
Saturation 
energy 
(eV) 
Tuning 
range 
(meV) 
Gradient 
(meV/dec- 
ade Iexc) 
FA473 InP 18 2.5 139 > 1.350 85 31.0 
FA476 InP 38 2.3 60.5 1.368 144 60.0 
FA491 GaInAsP 100 5.3 53 1.022 70 32.1 
FA534 GaInAsP 26 7.8 300 1.110 
1.100 >24 107.0 
FA510 GaInAsP 8.75 1.4 120 n 1.275 63 29.6 
cycles 50 i 1.125 22.2 
120 p 
Table 5.2 
Doping superlattice results from other authors 
Material 
Av. Doping 
d level 
(nm) 
I 
(X10 18 cm 
3) 
Gradient 
(meV/dec- 
ade Iexc) 
InP 55 
55 
55 
55 
is 
100 
200 
0.5 
1.0 
3.0 
8.0 
0.5 
0.5 
0.5 
1.0 n 
2.0 p 
1.0 
1.0 
1.0 
2.0 
4.0 
InP 1 20 
GaAs 20 
40 
60 
40 
40 
15.0 
21.8 
50.5 
71.3 
26.0 
26.5 
27.0 
27.0 
20.0 
66.0 
127.0 
185.6 
248.0 
Reference 
Yamauchl (1984) at 
80K. 
VPE Zn/S dopants 
Yuan (1985) at 4K. 
o VPE Zn/Te dopants) 
Jung (1982) at 2K 
MBE Si/Be dopants. 
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Plotting peak position v log of excitation intensity (FIG. 5.4) it 
bandgap (about 144meV) whilst FA473 in this work is only excited 
over the linear region (as expressed in equation 5.5). FA476 
reaches a maximum value of -1.368eV which is consistent with the 
known values for the acceptor level, ie: 
eff 0 Eg (max) - Eg E 
acceptor 
0 
Where Eg 1.4035eV at 80K Casey (1978)) and E(zn) 
acceptor 
eff 47.3meV (Hess(1974)), giving Eg (max) -- 1.3562eV. 
Similar structures were grown in InP using Vapour Phase Epitaxy 
(VPE) by Yamauchi (1984), and by organo metallic vapour phase 
epitaxy by Yuan (1985). Their results are summarized in table 5.2 
along with some results for GaAs MBE structures. Yamauchis 
structures showed no variation in gradient with layer thickness 
17 3 (15 to 200nm) for doping levels of 5x1O cm . The variation with 
doping for structures close to the dimensions of FA476 would 
therefore indicate a doping level of '- 4.5x1O 
18 cm 
3, 
whilst FA473 
would seem to lie at about 1.5x1O 
18 
cm 
3 from Yamauchis and Yuans 
results. These values are comparable to those of Jung (1982) for 
GaAs structures with slightly thinner layers in the x1018cm 
3 
range. FA473 with the largest layer thickness (139nm) still shows 
good doping superlattice behaviour, in agreement with Yamauchis 
structures. 
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Fig. 5.4 Peak position versus log of excitation power for FA476 (o) 
and FA473 (+) at 80 K. 
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-2 012 
5.2.2 FA491 and FAS34 GaInAsP n-p-n-p 
Alloys lattice matched to InP (see appendix D) were used to grow 
doping superlattice structures. Unig (1985) used LPE to produce 
periodic doping variations in In 
. 53 
Ga 
. 47 
As on InP, but the 
thicknesses and dopant concentrations were not appropriate for 
doping superlattice characteristicst layers were 350rim thick with 
19 3 16 3 doping variations of p ',: zý 1-5x1O cm and n : ztý 9x1O cm 
The structures FA491 and FA534 are summarized in table 5.1. FA491 
shows similar results to the InP structures, possessing a single 
peak which moves to higher energy with excitation (FIG. 5.5) at a 
rate of 32.1meV/decade I (see FIG. 5.6). This is consistent with exc 
the InP and GaAs results from table 5.1 and table 5.2 for its 
structure and doping concentration. 
In contrast FA534 has the largest dimensions of any of the 
structures grown, approaching those of Kbnig (1985). The PL f rom 
this structure shows two broad peaks (FIG. 5.7), one shifting with 
I the other constant. We are therefore seeing in this exc 
structure the two competing recombination processes; the normally 
dominant radiative recombination of thermalised electrons in the 
conduction bands with thermalised holes in the acceptor impurity 
band across indirect space and tunable; and direct space 
transitions in the p an n layers. The large layer thicknesses are 
close to the limit of the electron mean free path at low 
temperature. This, coupled with the increased number of 
compensating donors and acceptors able to capture minority 
carriers, greatly improves the probability of vertical 
transitions in real space. 
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Fig. 5.5 Luminescence spectra for the GaInAsP sample FA491 under 
excitation. 
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Fig. 5.6 Peak energy against log of excitation power for the two 
GaInAsP samples FA491 (o) and FA534 (+). FA534 is the thickest of the 
samples studied and shows clear direct space transitions as well as doping 
superlattice behaviour. 
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Fig. 5.7 PL spectra for the FA534 sample showing the two 
competing transition types under excitation. 
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5.2.3 FA510 quaternary hetero n-i-p-i 
Parameters of the f inal structure investigated, FA510 are shown 
in table 5.1. In this superlattice a third undoped layer was 
incorporated between two doped quaternary layers (nominally Eg = 
1.24eV at 300K). The undoped layer was a narrow bandgap material 
with a composition close to that used for FA534 ( nominally Eg = 
1.05eV). FIG. 5.8a shows this structure under zero illumination at 
SOK, it should be noted that the intrinsic regions are located 
entirely in the high electric field region between the doped 
layers. Similar structures have been grown in the GaAs/Ga 
x 
Al 
1-x 
As 
system by MBE, Street (1986) and Tang (1988), and are effectively 
a combination of both compositional and doping superlattices. 
Two PL peaks (labelled C1 and C2 in figures) were observed, their 
changes in wavelength, intensity, relative emission efficiencies 
and peak position are shown in FIGS. 5.9 to 5.12 respectively. The 
saturation energies of the two peaks under excitation agree with 
the expected values for the alloy compositions at 80K (C2 may 
also be compared to FA534). C1 possesses a high energy shoulder -- 
40meV above the main peak (a band to band transition, but still 
indirect in real space), this is consistent with the dominant 
emission being due to an electron to Zn acceptor level. Fig. 5.8b 
shows the band diagram at 80K under saturated excitation. Taking 
the shoulder energy of C1 to be the true band to band energy 
gives 190meV for the total band discontinuities, in agreement 
with the nominal predicted differences at 300K. 
These results clearly relate the PL to transitions across 
the 
94 
cL. 
b. 
sonm 50nm 
Fi g. 5.8 Band structure diagrams for the hetero n-i-p-i structure a. 
with no optical excitation and b. under high excitation with the space 
charge eliminated, band to band and band to acceptor energies are shown. 
Well depths are determined assuming a sixty : forty ratio. 
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Fig. 5.9 PL spectra for the hetero n-i-p-i structure showing two 
luminescence peaks sensitive in wavelength and intensity to laser power. 
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Fig. 5.10 Excitation power dependence of the hetero n-i-p-i structure 
peaks. 
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Fig. 5.11 Relative emission efficiencies for the two hetero n-i-p-i 
peaks under increasing excitation. 
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Fig. 5.12 Relative peak separation (CI-C2) for the hetero n-i-p-i 
device against excitation power. 
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-1 02 Log Oexc) 
different alloy regions. The highest energy peak C1 shows an 
energy shift of 29.6 meV/ decade I 
exc 
(Fig. 5.10) similar to other 
structures of the n-p-n type shown in tables 5.1 and 5.2. The 
intensity of this peak increases sublinearly with I 
exc 
(Figs. 5.9 
and 5.11 ). 
Peak C2 is weak at low excitation powers but switches on with a 
clear threshold (Figs. 5.9 and 5.11), it also shows an energy 
dependence with excitation power of 22.2 meV/ decade I 
eXC 
From the energy shifts of C1 and C2 it is clear that they are 
both doping superlattice transitions indirect in real space. This 
result is not clearly understood. Tang (1988) investigated a 
GaAs/GaAlAs structure with intrinsic regions of the same lateral 
dimensions (50nm) but with reduced p and n regions (40nm). He was 
able to attribute the observed luminescence to direct transitions 
across the intrinsic region and quantum confined states resulting 
f rom band bending. His results showed no higher energy 
transitions from the barriers in direct or indirect space. For 
FAS12 in the unexcited state the electric field across the 
intrinsic region would be -- 3x1O 
7 V/m and depletion would extend 
about 20nm into the wider bandgap material (Fig. 5. Sa). The 
intrinsic wells in this structure are much shallower than those 
of Tang (1988) or Street (1986) because of the bandgap of the 
materials used, but the band discontinuity and electric f ield at 
the interfaces may give rise to confined states in a triangular 
well. The initial dimensions of this would be <50 Angstroms and 
114meV deep (assuming a 60: 40 ratio for AEcb: AEvb) would put the 
level close to the top of the well. C2 however does not switch on 
until C1 is - 30meV from saturation (flat band situation of 
100 
fig. 5.8b), simple calculations show the confinement effects here 
to be close to zero. it would seem that the initial field in the 
undoped region is sufficient to separate any photogenerated 
electrons and holes, preventing luminescence at C2. Increasing 
excitation moves the band structure towards the flat band extreme 
until at a certain threshold of I, with an electric field exc 
estimated to be two orders of magnitude down, the photogenerated 
carriers are able to fall into the intrinsic wells and recombine 
at the expense of the higher energy emission Cl. 
5.3 Discussion 
Luminescence results for the structures grown show that LPE can 
be used to produce layers of suitable thickness and doping 
concentration for observation of doping superlattice behaviour in 
both the InP and lattice matched quaternary system. All samples 
showed the expected bandgap tunability with excitation intensity 
and compared well with structures grown using other techniques. 
For the doping levels used (--xlO 
18 
cm 
3) layers in the range 50 to 
150nm thick proved most suitable, at larger thicknesses (>300nm) 
transitions direct in real space reduce the efficiency of the 
tunable recombinations. A highly efficient photodetector has been 
fabricated in GaAs by Horikoshi (1985), such a device could be 
fabricated in the GaInAsP system, other doping superlattice 
devices are outlined by D, 6hler (1986). The sharp threshold in 
radiative intensity from the intrinsic region of the hetero 
n-i-p-i and its high luminescence efficiency could find 
application in all-optical logic systems. 
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Time resolved PL studies would give information on recombination 
rates and paths and may be carried out at a later date. High 
pressure experiments were not attempted because the excitation 
levels used in DAC experiments would saturate the doping 
superlattices. The lower power densities required for such an 
experiment would best be carried out using Fourier spectroscopy. 
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CHAPTER 6 
Compositional Superlattices 
6.1. Introduction 
In this chapter high pressure and PL are used to study the 
properties and material parameters of a GaAs/GaAlAs multiple 
quantum well (MQW) device at room and low temperature. Such 
structures represent the second type of superlattice , the 
compositional superlattice, envisioned by Esaki and Tsu (1969) 
and (1970). They consist of ultrathin layers of semiconductors 
(eg 10 to 500 Angstroms thick) with different compositions, grown 
alternately one on the other, producing size effects on the 
optical and electronic properties. 
The GaAs/GaAlAs system is one of the most extensively studied of 
the possible compositional semiconductor systems. A full review 
of all the relevant literature is not possible here and the 
reader is instead referred to the reviews of, Esaki (1985) and 
(1986), and Chang (1985); along with Miller (1985) and Chemla 
(1985) for their optical properties alone. One of the most 
interesting of these properties for application in optics and 
opto electronics comes from the observation of exciton resonances 
at room temperature, Ishibashi (1981), Miller 
(1983) and 
Kirchoefer (1984). 
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Simple quantum mechanics can be used to estimate energy levels in 
such structures. For an infinite square well, the confinement 
energy (E 
conf 
) for the first confined state is given by: 
h2 
conf 8 ni L2 
z 
(6.1) 
Where m is the electron or hole mass and L the well width. In 
z 
milli electron volts this becomes: 
1 
E(meV) = 3.76 xlO 
4 (6.2) 
conf L2 
z 
Where m is now the effective mass and L is expressed in 
z 
Angstroms (A). From this equation it becomes obvious that one 
effect of confinement will be to split the normally degenerate 
light hole (1h) and heavy hole (hh) bands of bulk semiconductors. 
Equation 6.2 gives good approximation for the lowest energy 
transitions for wide well widths in the GaAs/GaAlAs system, but 
must be corrected for the finite well height for thinner wells. 
Knowledge of the band alignments and well depths are therefore 
essential in the design of heterojunction devices. 
6.2 Band offsets and their pressure dependence 
FIG. 6.1 shows a schematic representation of the band diagrams of 
a typeI and typeII compositional superlattice. The total band 
discontinuity AE is distributed between the conduction band and 
valence band offsets, AE and AE CV 
AE = AE + AE =E 
barr i er E wel 1 (6.3) 99 
CV 
Whilst the total confinement E 
conf 
is approximately given by: 
EýA+A=E-E well (6.4) 
conf hh el PL 
9 
104 
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Fig. 6.1 Band diagrams f or type I (a) and type II (b) compositional 
EPL 
I 
Ael 
superlattices showing relative positions of the X and r levels. 
With A and A being the heavy hole and first electron confined hh el 
states. It is clear that for the typeI superlattices that PL may 
identify energy transitions in the well and barrier, but will not 
determine the AE : AE ratio. 
cv 
Theoretical models used for calculation of AE : AE have given a 
CV 
range of values, see Tersoff (1987), the most accurate of which 
appear to be those of Van de Walle (1986) and (1987) giving 63 : 
37 (AE 
v= 
37%). Early infrared work measuring transitions in wells 
of different widths by Dingle (1974) suggested a value of a value 
of 85 : 15 (AE = 15%) and was largely accepted for over a decade. 
V 
Many other experimental techniques have been used and a range of 
values obtained, see Margaritondo (1987). The most accurate 
measurement to date however has been that of Wolford (1986) which 
gave: 
AE 32% ± 2% 
v 
A similar experiment by Venkateswaran (1986) yielded: 
AE 30% ± 4% 
v 
In both of these experiments high pressure has been used to drive 
GaAs/GaAlAs quantum well structures from typeI (fig. 6.1a) to 
typeII (fig. 6.1b). Using low temperature PL the pressure 
coefficients and energy positions of direct and indirect bandgaps 
at Okbar may be determined by interpolating well transitions 
before and after cross over with the AlGaAs barrier X level. 
Wolford (1986) clearly identified the cross overs as being due to 
the AlGaAs X level by observation of two phonon replicas spaced 
by energies appropriate to the AlGaAs near zone boundary 
LA and 
optical (unidentified) phonons, Dollinger (1964) and 
Trommer 
(1976). Both Wolford and Venkateswaran (1986) did not however 
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measure directly in the same experiment these X transitions for 
the AlGaAs barriers present in their samples. As Venkateswaran 
points out an accurate value for the AlGaAs X minima energy is 
necessary for band offset calculations, but values in the 
literature vary. 
Differences in pressure dependencies of X levels in bulk and 
quantum well structures have been used by Lambkin (1988b) and 
(1989) to calculate the pressure dependence of the valence band 
offsets in the InGaAs/InP and GaAs/Ga 1-X 
Al 
X 
As systems. Results 
indicate AE to be approximately constant with pressure for the 
v 
InGaAs/InP system and dAE /dP to be 1. lx meV for the AlGaAs 
v 
system. This contrasts the usually assumed fractional relation 
(constant offset ratio) used in pressure modelling by such as 
Lefebvre (1987), Gell (1986) and Leburton (1985), and is based on 
the assumption that dE x 
/dP (the pressure dependence of the X 
level) is constant at -1.3meV kbar -1 across the alloy range. A 
study of the available data by Wilkinson (1989) suggests however 
that the pressure dependence of the offsets may be sample 
dependent. For this reason measurement of all r and X levels for 
the constituent materials as well as the confined transitions is 
desirable to obtain accurate values of dAE /dP. V 
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6.3 300K results 
6.3.1 Okbar PL 
The sample studied was grown by molecular beam epitaxy (MBE) (for 
a review of this technique see Ploog (1981) and (1982)) at 
Cornell University, USA and is represented in FIG. 6.2. The 
electric field dependence of the optical absorption of this 
device has been reported elsewhere by Miller (1985) who also 
detailed the growth conditions. PL is able to probe the AlGaAs 
capping layer and the two active MQW regions. These consist of a 
set of narrow wells (nominally 28.5A) and a set of wider wells 
(nominally 95A). FIG. 6.3a shýows room temperature PL spectra at 
Okbar, peaks are easily identified for the two well types and 
capping layer, all of which are thermally broadened (KT = 26meV). 
From these the energy band diagram shown schematically in 
fig. 6.3b is obtained assuming a 32% valence band offset. The 
Al 
x 
Ga 
1-x 
As emission energy allows determination of the barrier 
composition, nominally x=0.3, from Adachi (1985) and gives 
x=O. 37. Heavy hole and light hole transitions are both observed 
for the 95A well. As expected the confinement increases with 
decreasing well width towards the energy value of the barrier 
material. 
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Fig. 6-3 a. 300 K PL spectra for the MQW device. and b- determined 
band structure assuming a 68: 32 offset ratio. 
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6.3.2 300K pressure results 
Measurements were taken using the ruby fluorescence pressure 
scale with a 4: 1 methanol ethanol pressure transmitting media. 
The shift of PL energies under pressure are shown in FIG. 6.4a. 
Clear curvature is seen in these lines at high pressure (see 4.1 
for explanation), quadratic fits to the data sets give pressure 
coefficients for the three emissions as follows: 
for the AlGaAs x=0.37, 
Eg(eV) = 1.894 + 9.87 ±0. IX10-3 P- 83 ±,, X, 0-6 p2 (6.5) 
for the 28.5A well, 
Eg (eV) = 1.681 + 11.20 ±0. X, 0-3 P- 64 ±,, X, 0-6 p2 (6.6) 
and for the 95A well, 
Eg(eV) = 1.485 + 11.80 ±0. X, 0-3 P- 39 ±,, X, 0-6 p2 (6.7) 
Transitions are clearly r related, plotting energy differences of 
the capping layer and thinnest well against the wide well energy 
(fig. 6.4b) shows more clearly that dE(r)/dP decreases with E 
conf 
and Aluminium concentration. 
The pressure coefficient of AlAs has not been measured but the 
value for AlGaAs with x=0.3 has been determined by Roach (1989) 
0 
to be 9.9 ±1meV kbar-1 in good agreement with the value obtained 
here for the x=0.37 alloy. 
The pressure coefficient of the wells is expected to tend towards 
that of the well material as L -4 co . The value of 
11.8 meV kba. -i 
z 
obtained here for the 95A well agrees with those obtained by 
Chandrasekhar (1988) of 11.7 ±. 1meV kbar-1 for 260A wells at room 
and low temperature (80K). However the generally accepted 
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Fig. 6.4 a. Peak energy positions as a function of pressure at 300 K 
for the AlGaAs capping layer (+), 28.5A well (x) and 95A well (o). 
b. Confinement energies of the AlGaAs capping layer (+) and 28A well 
relative to the wide well. 
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pressure coefficient for GaAs taken at 8K is 10.73 ±. 05meV kbar-1 
from Wolford (1985) in agreement with Goni (1989) value of 10.8 
±. 2meV kbar -1 at 300K. These values however disagree with those 
of Leroux (1985) 12.5meV kbar-1 at 300K and a similar value for 
low temperature from Olego (1980). 
At high pressure the r related transitions quench (see fig. 6.4a). 
There are two possibilties for quenching of the PL emissions, the 
first involves r-x cross overs from X levels in the well 
material, these would occur below the bulk value of 41.3kbar for 
GaAs, Wolford (1985), due to confinement in the wells. The second 
method is due to quenching by the AlGaAs X level in the barrier 
material. Using the determined band structure of f ig. 6-3b and 
making the following assumptions it is possible to estimate F-X 
cross over points for the sample: 
1. X levels 486meV above GaAs r band edge and 52meV above AlGaAs 
(x=0.37) edge, Adachi (1985). 
2.32% value for AE , Wolford 
(1986). 
V 
3. Ignore A 
hh 
and reference all energies to the top of the GaAs 
valence band. 
4. Assume dAE /dP 1. lx meV kbar-1 = 0.4 meV kbar-1 (x=O. 37), 
v 
Lambkin (1989) 
S. GaAs and AlGaAs dE(X)/dP = -1.3 + correction from 1. 
6. Correct AlGaAs dE/dP from 3. 
This is done in FIG. 6.5 and gives the AlGaAs, 28.5A well, 95A 
well and GaAs cross overs for the AlGaAs 
X level to be 
approximately 5,9,24 and 30kbar respectively. 
For the GaAs X 
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Fig. 6.5 Calculated possible cross over points for the MQW sample. 
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level these would be approximately 16,19,33 and 40kbar 
respectively. From f ig. 6.4a it is clear that thermal broadening 
allows r states to be populated above the r-X cross over. We must 
therefore examine the intensity data as shown in FIG. 6.6 along 
with theoretical fits for quenching. From these we see that it is 
difficult to exactly identify the cross over points but it would 
seem that the AlGaAs X level in the barrier is responsible. Low 
temperature analysis is required to obtain more accurate data. 
6.4 2K results 
6.4.1 2K pressure results 
The sample along with a piece of InP (as a second pressure 
reference ) was argon loaded into the DAC for low temperature 
work. Four peaks related to the sample were observed at 2K as 
shown in FIG. 6.7a. Thermal broadening at this temperature amounts 
to - 0.2meV. The lowest energy peak was a broad GaAs related 
emission with a linewidth of z 60meV, this does not change shape 
with pressure and allows direct pressure calibration for the 
experiment. The next peak was that of the 95A el-hh transition 
and its el-lh shoulder (-12.5meV higher in energy) with a 
linewidth of 3.8meV. The 28.5A well emission is much wider with a 
linewidth of 16meV and a light hole shoulder -13meV higher in 
energy. The narrow linewidth of the 95A well would seem to 
indicate layers of high perfection, whilst the widening for the 
narrow well the opposite. The thin well however is more sensitive 
to interface defects and such linewidth broadening was seen in 
115 
5 
4 
> 
.1 
C'-) 
C- 
c2 
CLO 
CD 
I-J. 
0 
Fig. 6.6 300 K intensity data is plotted against pressure for the 
three emission peaks; AlGaAs (+), 28.51 well (x) and 95ý- well (o). 
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Fig. 6.7 2 K energy spectra (intensity versus meV) at four 
pressures; a. 3.65 kbar, b. 6.73 kbar, c. 19.35 kbar, and d- 29.07 kbar. 
117 
the similar sized wells of Venkateswaran (1986). Singh (1985) 
investigated the importance of alloy disorder and interface 
roughness on excitonic linewidths, these theoretical calculations 
would indicate possible mono layer fluctuations for the thin well 
but larger fluctuations than this for the wider well, ' along with 
some possible alloy disorder. High quality samples can be 
expected to yield 6meV linewidths for z 20A wells, see for 
example Pistol 1986). The sample would therefore seem good, but 
not perfect. 
The highest energy peak observed is that of the AlGaAs with a 
linewidth of 22meV and an acceptor or donor level z 15meV below 
the main peak. 
Figs. 6.7a to d show spectra for the sample at various pressures. 
From these r and X like states, along with phonon replicas are 
clearly observed, and are plotted in FIG. 6.8. For the two 
separate pressure runs performed the only deviation was that of 
the emission energy for the wider 95A well, indicating a thinner 
layer thickness f or the second piece of sample used of up to 5 
mono layers (see later calculations). 
For the AlGaAs layer, after F-X cross over, the initial spacings 
from the zero phonon X line were z 30meV and 46meV for the LA and 
optical phonons. The same spacing is observed at higher pressures 
for the 28.5A transitions, clearly indicating that the cross over 
occurs as a result of the AlGaAs X level in the barrier crossing 
that of the I' well exciton. If such transitions exist for the 
wider (95A) well they are masked by the broad emission of 
the 
GaAs which remains constant in intensity over the range studied. 
Pressure coefficients are determined by least square fits to 
the 
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Fig. 6.8 Principal peak energies of r and X related emissions versus 
pressure at 2 K. Solid lines are least square fits to data and are 
interpolated back to 0 kbar for the zero phonon X levels. GaAs data is 
represented only by a solid line since the pressure scale is derived from it 
linearly. Data points are; AlGaAs (+), 28.5A well (x) and 95 A well from 
first pressure run (e) and second pressure run (o). 
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data and results are summarized as follows: 
For AlGaAs x= 0.37, 
r 
-3 Eg eV 1.980 + 9.07xlO P (6.8) 
With r-x crossover at 5.5kbar. Above this, 
x 
-3 Zero phonon Eg(eV) = 2.043 - 2.33xlO P (6.9) 
LA phonon (eV) = 2.009 - 1.84xl 0-3 P (6.10) 
Opt. phonon (eV) = 1.995 - 1.92xl 0-3 P (6.11) 
for the 28.5A well el to hh transition, 
Er eV) = 1.754 + 9.88xlO -3 p (6.12) 
With r-X crossover at 16.5kbar. Above this transitions to hh, 
Zero phonon EX (eV) = 1.945 - 1.72x 10-3 P (6.13) 
LA phonon (eV) = 1.919 - 1.92x 10-3 P (6.14) 
Opt. phonon (eV) = 1.900 - 1.82x 10-3 P (6.15) 
for the 95A well el to hh transition, 
Expt. 1E 
I' 
eV) = 1.587 + 10.02xlO -3 p (6.16) 
Expt. 2 Er (eV) = 1.575 + 10.13x 10-3 p (6.17) 
For this well close examination of intensity data is required to 
determine the position of the F-X cross over, which is again due 
to the X zero phonon level in the AlGaAs barrier. FIG. 6.9 shows 
intensity data from which the cross over for Expt. 1 lies between 
26 and 29kbar. For Expt. 2 it is determined to be close to 
26.5kbar. 
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Fig. 6.9 2K intensity data, normalised to the GaAs emission, is 
shown against pressure with F and X like transitions marked. Data points 
are, AlGaAs (+), 28.5 A well (x) and 95 A well from first pressure run 
(e) and second pressure run (o). 
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6.4.2 Band offset calculations 
By interpolation of the pressure data using the determined 
pressure coefficients and cross over pressures it is possible to 
obtain Okbar energy diagrams for the two wells, as shown in 
FIG. 6.10a and b. 
These give the relations: 
98meV +A AE hh v 
For the nominally 28.5A well and, 
145meV +A 
hh = 
AE 
v 
(6.19) 
For the nominally 95A well. 
It therefore only remains to determine the value of AE 
V 
which 
gives the correct solution to these equations. This is done using 
an adapted version of the computer program developed by Lefebvre 
(1987) based on the envelope-function approximation of Bastard 
(1981). A full description is left to the text of Lefebvre but in 
outline the program solves the Schrbedinger equation for a 
particle in a finite well maintaining continuity in its envelope 
function and mass dependent derivative across the well/barrier 
interface to obtain values for A and A PL transitions are hh el 
then given by: 
well E 
Pl. 
= Eg (GaAs) +A 
hh 
+A 
el 
-E 
rydberg 
(6.20) 
The E 
rydberg 
or exciton binding energy is also calculated and used 
in this program. 
It should be pointed out that these calculations represent 
preliminary calculations only. Nominal well width values are used 
and the effect of adding or subtracting mono layer thicknesses 
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Fig. 6.10 0 kbar interpolated band energy diagrams for a. 
well and b. the 95 A well. 
'o 
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the 28.5 A 
(2.83A) analysed to obtain error. 
For the nominally 28.5k well this gives; 
AE 35.0% ±2.5% 
v 
assuming 1 mono layer fluctuations from nominal value. The 95A 
well is less sensitive to layer fluctuations and gives: 
AE 33.5% ±0.5% 
v 
for 5 mono layer fluctuations in growth. This data however relies 
on the intensity data for cross over determination and assumes 
the X pressure coefficient obtained for the 28.5A well. A worse 
case error would amount to: 
AE 33.5% ±2.7% 
v 
Whilst these values are in good agreement with those of Wolford 
(1986) and Venkateswaran (1986) improved accuracy should be 
obtained over their values by solving data for the 28-5A well 
self consistently. 
FIG. 6.11 shows conf inement energies ( equation 6.4) f or the two 
wells plotted against pressure. The original Lefebvre 
(1987) 
calculations assumed that the fractional percentage of AE v 
remained constant with pressure, but better agreement is obtained 
using the dAE /dP values of Lambkin (1989). An initial value of 
V 
AE 33.5% was ctiosen anct resuj-Ls PJLOLLt: ýU IUi LIUIII-LAJLcLi. 
values and variations of -2 mono layers and -5 mono 
layers for 
the thin and thick wells respectively. 
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Fig. 6.11 Confinement energies (emission energy - GaAs band ýedge) 
against pressure, along with theoretical fits from the Lefebvre (1987) 
00 
program are shown for the two wells; 28.5A (x) and 95 A well on first 
(o) and second pressure runs (o). 
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6.5. Discussion and further work 
The AlGaAs r pressure coefficient is measured to be 8% lower at 
2K than its 300K value, this could be due to the use of a 
different pressure calibrant scale (that of 10.7meV kbar-1 for 
GaAs, Wolford (1985)) but would seem unlikely since the value for 
dEg/dP determined for the InP bandedge here is 8.6meV kbar-1 
close to the values determined by Kobayashi (1981) and Muller 
(1980). Use of a higher value for the GaAs bandedge would also 
increase the coefficients for X levels. Pressure coefficients for 
the wells are 11% and 15% lower than at 300K for the thin and 
thick wells. 
The determined Okbar AlGaAs X level in this sample is 10meV 
different from that determined from Adachi (1985) for a x=0.37 
sample. X level coefficients however differ greatly from those 
determined by Roach (1989) (- lmeV kbar-1) for x=0.28 and x=0.3 
and also from the value of -1.3meV kbar-1 assumed by Lambkin 
(1989) to be constant across the alloy range for his band 
alignment pressure dependence calculations. Kobayashi (1989) and 
Olego (1980) however determined dE 
x 
/dP for GaAs to be 
-2.3 ±0.3meV kbar-1 close to the value measured in this work. 
Differences between alloy and well X coefficients are measured 
together in this study and allow an estimate of dAE v 
/dP for this 
sample to be obtained: 
dAE 
v 
---0.61meV kbar 
dP 
From these results and the analysis of other work, Wilkinson 
(1989), showing sample dependence it is clear that where possible 
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all parameters necessary for calculations from pressure 
measurements should be measured in the same experiment and cross 
referenced if possible. Pressure coefficients, especially across 
alloy ranges must be determined directly. 
Further analysis of the results presented in this chapter is 
needed to obtain a better estimate of the valence band offset of 
this sample. 
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CHAPTER 7 
Conclusions 
In this thesis high pressure and photoluminescence have been used 
to study the properties of all three types of low dimensional 
semiconductors. Much of this work has gone hand in hand with the 
development and use of diamond anvil high pressure cells for the 
f irst time within this research group. Credit must be given here 
to my supervisor Dr. D. J. Dunstan for his design of the most 
versatile DAC to date and to W. Scherrer and F. Bristow for 
producing them. Development of this cell over the past few years 
has resulted in high pressure becoming in many ways nearly as 
standard a technique as that of photo luminescence. High pressure 
is no longer for specialised laboratories alone; experiments may 
be taken to the required equipment (for example 2K work in 
Montpellier, France) and not vice versa. PL is the most standard 
method for data collection, but work reported here on the the 
A III B Hiel compounds and in publication 10 for ii-vi 
2 
superlattices has shown that complicated optical set ups and 
gasket preparation techniques are not necessary to obtain useful 
results from transmission work. Such techniques are especially 
applicable in situations where PL can not be used. Most of 
the 
work here has outlined a basic problem, the optical spectroscopy 
methods used are generally far more accurate than standard 
pressure determination methods such as 
the ruby fluorescence 
scale. There is a clear need for an improved standard 
pressure 
gauge and a set of consistent measurements 
for III-V binary and 
alloy direct and indirect pressure coefficients. 
In view of this 
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it is obvious that the best method for studying heterostructure 
devices under pressure is to use relative measurements of the 
properties of component systems. This is done to determine 
relative bulk moduli in the GaInAsP/InP system but higher 
accuracy techniques from grown in strain gauges will give 
improved resolution. In the GaAs/GaAlAs MQW sample measured the 
relative determinations of energy levels and their cross overs in 
the same experiment allows the most accurate determination of 
band offset ratio possible. Again the need for relative 
measurements is outlined by the apparent scatter in sample data 
from the literature. 
Photoluminescence has also been used here to show that LPE can 
produce good doping superlattice samples. The results indicate 
that the study of such structures under pressure would require 
excitation powers below those needed for our detection system and 
the use of a technique such as Fourier spectroscopy would 
therefore be required. 
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Appendix A 
DAC gasket theory 
The following theory is based around the work of Schroeder (1948) 
and Dunstan (1990), with the texts of Dieter (1986) and Popov 
(1978) providing useful information. 
FIG. A. 1 
Simple 
O'n 
(Y'r + do'r 
(--- ------------------------------------------------------------------------- - ; i: ý ........ .... ................................. . .................................... - -) 
(ro = yield stress of disc material 
a-r = radial stress 
G, C = circumferential stress 
d(rr = stress across an element dr 
f= surface shear or frictional force per 
unit area = (ro/, /3 
11 = coefficient of coulomb friction 
First consider a circular disc, thickness t, diameter 2R squeezed 
between to hard anvils to a state of plastic flow (FIG. A. 1). The 
disc is assumed to be under homogeneous compression with a 
thickness small enough that the axial compressive stress (P n 
is 
constant through the thickness, effects of barreling at the edges 
are also ignored. Lateral flow of metal outward from compression 
leads to the shearing stresses at the contact surfaces M. This 
surface shear acts on top and bottom faces and is directed toward 
the centre of the disc, opposing outward radial flow. Since stress 
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<-- --- - ------------------ --------- - -- - ---------------------------------- ----------------- ------------ rd 
is radial with outward flow Of the metal we may assume dO-40 and 
consider only the equilibrium radial forces. This also eliminates 
the circumferential stress (r components from consideration as C 
they are identical to the radial ones by symmetry. 
Radial force = area x stress =tr do x do- (A. 1) 
r 
Total frictional force =2r do dr f (A. 2) 
(A. 1) + (A. 2) =0 at equilibrium giving; 
do, 
r 
-2f (A. 3) 
dr t 
The applied stress a- T0+ a- 
h 
where (P 0 
is the yield strength of 
the disc and a- 
h 
the hydrostatic stress, which by axial symmetry is 
equal to a, 
r 
Assuming von Mises' yield criterion (see for example Shigley 1986) 
then: 
a, 
f0 (A. 4) 
, 
/7 
which for high friction values (p > /3) gives the solution to 
(A. 3) as: 
2o' 
= 0, n 
t 
FIG. A. 2 
4. ) -J. - 
. Crh 
Radius R 
(A. 5) 
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This solution shows the importance of the aspect ratio R/t and is 
plotted schematically for the simple disc in FIG. A. 2. Note the 
gradient of the lines are inversely proportional to the disk 
thickness t. Dotted lines indicate the form of a- which is a- - hn 
0 
From equation A. 5 it is clear that a- 
n 
varies inversely as the 
gasket thickness and this is plotted against pressure in FIG. A. 3. 
FIG. A. 3 
cn 
En 
cd 
0 
Thick 
- Thin 
Pressure 
The disc or gasket will follow the solid curve on increasing 
pressure (a, if the initial thickness is sufficient (thick 
n 
gasket case). However the gasket may be anywhere below the curve 
in which case it is a* thin gasket as shown by the dotted line 
example. By integrating a- h 
across the total disc area it is 
possible to obtain the total force (F). This can then be related 
to the maximum compressive stress at r=0 by: 
(T =3F3 4y 
(A. 6) 
h 
Tr R20 
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indicating that the pressure is linear with force and requires an 
initial force before any pressure is generated. 
The normalised slope of a pressure v force plot is given by: 
d(p 
it R2h 
dF 
(A. 7) 
In the case of the DAC a hole is formed of radius rg at the centre 
of the gasket, containing a pressure transmitting f luid. The f luid 
ideally has no shear strength and is assumed here to be 
incompressible, with (r h 
continuous across the boundary. FIG. A. 4 
shows the pressure v radius and force for a thick gasket the 
presence of the hole reduces the gradient of the pressure v force 
plot, the effect being more pronounced for larger hole sizes. 
FIG. A. 4 
0-% 
0 
0 
C- 
:: 3 
En 
C/) 
(D 
zý 
Simple disc 
Small hole 
Large hole 
Radius Force(opiR ) 
As thickness decreases the hole maintains volume and increases 
radius until failure occurs. The simple 
disc is linear with force 
(equation A. 4) whilst the drilled gasket becomes more sublinear 
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as the hole expands. Maximum pressure is obtained when rg = 2/3 
R. 
FIG. A. 5 
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FIG. A. 5 shows the pressure v radius and force for the case of a 
thin gasket. No pressures is generated until F is sufficient to 
give extrusion into the gasket hole. A rapid increase in pressure 
occurs (fig. A. Sa-e) as the hole and thickness remain nearly 
constant (see also thin gasket line in fig. A. 3). At point e the 
gasket enters the thick regime and follows the normal curve of 
fig. A. 3. for pressure v thickness. 
For the same initial hole size the thin gasket attains a higher 
pressure than the thick gasket and is therefore less likely to 
failure in standard operation. 
The theory discussed here considers the gasket to be an 
unsupported f lat disc. In the DAC the gasket extends beyond the 
anvils and has a thickness greater than between them. In this 
situation Bridgman's principle of massive support, Bridgman (1954) 
aC 
"- 
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indicates that (p at R may be greater than (r 0 and 
this seems to 
account for the high pressures attainable in the DAC which are in 
excess of predicted values. In simple terms this effect offsets 
the pressure v radius plots shown earlier to higher pressure. 
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Appendix B 
Transmission spectra normallsation 
c4 
YT 
a 
0 
To convert data use: 
d 
b- 
(n) 
(d-b) 
y (n) n 
(b-a) 
+a 
new 
n( 
(d-b)-(c-a))+ (c-a) 
NC 
NC 
To normalise all data use: 
Constant Y(n) (d-b) 
) 
new 
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Appendix C 
Elastic moduli and velocity relations 
Symmetry relations show that three independent elastic constants 
are needed to describe cubic crystals (see for example Nye 
(1967)), these are, c lit c 12 and c 44 
Bulk moduli may be 
determined from these using: 
B=1(c+c 
03 11 12 
The velocity propagation of elastic waves is dependent on these 
three constants and for the [1101 direction all three may be 
determined from the velocity data of the longitudinal and two 
shear velocities and the density (p) by: 
1 
c+c+2c 
VV 
11 12 44 
11 ong 2p 
1 
V2=V 
shear 
=[ 
44 
2p 
cc 
V 
12 
shear 2p I 
These and other direction relations are described by Mason 
(1958) 
and allow calculation of the adiabatic bulk modulus 
from velocity 
data where authors have not done this for inclusion 
in table 4.1. 
Adiabatic (B and isothermal (B T) 
bulk moduli are related by: 
BS=BT[1+a7TI 
where a is the isobaric thermal expansion coefficient 
and 7 the 
GrUneissen parameter. Differences in B and 
BT amount to about 
0.3% Burenkov (1973) and are therefore ignored. 
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Appendix D 
Interpolation methods and y determination 
For Ga 
x 
In 
1-x 
As 
yp 1-Y 
the lattice matched condition is (Takeda 
(1982)): 
1.032 - 0.032y )=0.47y 
or: 
yz2.2x 
Any unknown bulk modulus is given by (Adachi (1982)) : 
B0 (X, Y) = (1-x)y B0 (InAs) + (1-x) (1-Y) B0 (1 nP) + xy B0 (GaAs) 
+ X(l-y) B0 (GaP) 
From the binary values. 
For bulk moduli interpolation at 300K all data is available (table 
4.1) but for 80K data the InP result is not available; in this 
case its term is added to GaP and InAs but subtracted from GaAs to 
give: 
B0 (x, y) = (1-x) B0 (InAs) + (X+Y-l) B0 (GaAs)+ (1-y) B0 (GaP) 
Values of y may be determined from 300K PL emission energies 
using: 
Eg (y) = 1.35 - 0.7y + 0.1 y 
2 
Eg(y) = 1.35 - 0.775y + 0.1 y 
Eg(y) = 1.35 - 0.75y + 0. y 
Nahory (1978) 
Pearsal (1982) 
Heasman (1985) 
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Appendix E 
Relative bulk moduli calculations 
E. 1 Fundamental equations O'Reilly (1988) 
Consider a GaInAs epilayer lattice matched to InP. For an applied 
hydrostatic pressure P the substrate lattice constant changes as: 
so 
For applied hydrostatic pressure the unsupported epilayer lattice 
constant changes as: 
e0 3B 
Now consider effect of placing GaInAs on InP, 
GaInAs 
H 
InP 
Okbar 
lattice matched 
n kbar 
a << a 
es 
need biaxial 
tension. 
aa 
eS 
GaInAs on InP is under biaxial tension. The fractional strain on 
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GaInAs in the x-y plane is: 
a 
xx 
Assuming Poissons ratio to be 1/3 (as for all III-V) and a 
semi-infinite substrate then when GaInAs is extended in the x-y 
direction, it contracts in the z direction by an amount: 
c=-C 
zz xx 
so that the net axial strain c=c-c, giving ax XX zz 
211 
c (4.9) 
ax 3BB 
e 
In addition, there is a fractional change in volume due to 
attachment to the substrate, given as: 
dV 
+C+C 
V 
strain 
xx yy zz xx 
The total change in volume experienced by the epilayer is then, 
strain 
BeBs 
Giving: 
B B 
e s 
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The hydrostatic change in bandgap o( AV/V: 
AE 21 
30 B 
AE 
EPI 
3Be3 Bs 
Where AE is the change in energy for the supported sample and 30 
AE 
EPI 
that for the unsupported sample. This gives: 
AE 2B 
30 
(4.10) 
AE 33B 
EPI s 
Assuming AE linear with pressure gives an estimate of the 
effective pressure (P 
eff 
) seen by the supported layer: 
eff 
B 
3B 
(4.8) 
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E. 2 Wavelength equations 
Rearranging equation 4.10 gives 
1B 
AE 
30 - 
AE 
EPI - 
AE 
EPI 
e 
3B 
or dE (E -E dB 
3 
dX dE d? L 
Require -=-x- 
dB dB dE 
1240 dA X2 
E dE 1240 
Gives, 
2 
dX x dB 
0 
Substituting A=A0+ AA gives: 
AX 2 
d? L AA +--A dB 
x01 
From which equation 4.11 comes. 
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